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Abstract

Transition metal oxides (NiO,, MnO,) have been synthesized by reactive magnetron sputtering
and analysed regarding their chemical composition with XPS to develop active catalysts for the oxygen
evolution reaction in alkaline media. NiO, was investigated towards its temperature dependent deficient
structure and the enhancement of the catalytic activity through these defects. The catalytic activity was
evaluated with the help of operando Raman spectroscopy to monitor the active surface intermediates
of NiO,, and investigate a temperature dependent Ni'/Ni" redox transition. The defect structure was
concluded to greatly improve catalytic activity, capacitive charge storage, and redox processes.

MnO, was deposited in three different oxidation states (Mn', Mn"', and Mn') as concluded with
XPS and investigated towards its suitability as OER catalyst. With Raman spectroscopy, all MnO, revealed
5-MnO, structure when in contact with the alkaline electrolyte. Their catalytic activity was detected to
differ based on their degree of charging with an applied potential, i.e. the coexistence of Mn'! and Mn'"
species, and an increased distance between layers of MnOg octahedra. With a combination of reduction
and activation processes, the activity of Mn'! was altered greatly, to receive a by more than 100 mV

reduced overpotential at 5mA cm ™2, and a low Tafel slope of 44 mV dec™?.
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1 Introduction

There is plenty motivation to work in the field of water splitting, catalysis, in situ characterization, and thin

film technology. This short introduction is meant to provide an overview of why a master thesis is a good

possibility to gain insight into a fruitful combination of all these research categories.

Energy from renewable energy carriers such as
wind, water, and solar power plays an important
role regarding climate change. Global energy uti-
lization mostly depends on fossil fuels, but energy
supplies are expected to run out over the next 150
years [1]. Further, energy consumption is expected
to grow significantly, catering growing interest in
investigation of renewable energy technologies [2].
One of the most important tasks nowadays is the
development of efficient storage systems, e.g. direct
storage devices such as lithium ion batteries or con-
version into storable energy carriers like hydrogen
(H,). Some of the energy produced by renewable
sources can not be consumed right away, so to re-
duce environmental damage as well as costs for
fossil fuels, storage of this particular free energy is
desirable. For instance, the unused wind power in
China 2016 was calculated to 497 x 10° MWh [3].

Hydrogen is the most abundant element in the
universe and is usually bound in water (H,O)
molecules. It is known to have 2 to 3 times the
specific energy density of gasoline and is carbon
free as a plus [4, 5]. Additionally, H, production
from aqueous solutions via electrolysis is by-product
free, i.e. no separation systems (besides separation
of Hy and O,) for contaminated gas have to be

supplied compared to the combustion of fossil fuels.

The development of active, cheap, and durable
catalyst materials is seen as a key challenge of elec-
trochemistry application research. Best known per-
forming catalysts contain noble metals such as plat-
inum (Pt) as most active catalyst for the hydrogen
evolution reaction (HER) or ruthenium(IV) oxide
(Ru0O,) and iridium(IV) oxide (IrO,) for the oxygen

evolution reaction (OER). RuO, and IrO, show the
lowest known overpotential towards the OER but
hold poor chemical stability in alkaline media [6].
Over the last decades, a lot of research has been
done to investigate transition metal oxides (TMO)
to replace noble metals in water splitting catalysis.
These non-noble transition metals posses relevant
advantages due to their earth-abundance, low cost,
and durability [7].

Catalysis

A catalyst is a substance that increases the rate of a
chemical reaction without undergoing a chemical
change itself during the process. Most reactions
in the human body, the atmosphere, and the sea
are catalysed, resulting in a variety of research re-
garding new, effective and cost efficient catalysts
in chemical industries [8]. This work focuses on
heterogeneous catalysis, where the catalyst possess
a phase different from the reaction molecule, result-
ing in complex kinetics on solid-liquid interfaces.
The surface atoms on catalysts are able to adsorb
reaction molecules due to an unsatisfying amount
of bonding partners or dangling bonds.

Solid catalysts often consist of metals or metal
oxides, catalysing chemical reactions on their sur-
face which is why there are many methods of en-
hancing the accesible surface of such catalysts, for
instance with nanoparticles (NP) or nanocubes for
CO, reduction [9], or Ni foams for H,O electrolysis
[10]. Both techniques can be combined, integrat-
ing MoNi4 NPs in Ni foam for efficient HER [11] or
CoO, NPs in carbon foam as OER catalysts [12].
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Studying heterogeneous catalysts in situ

There is a rising interest in the work of devel-
oping analytical tools to investigate the chemical
processes taking place on an active catalyst under
working conditions by the use of in situ (latin: on
site) characterization techniques [13]. Alternatively,
the terms in vivo (latin: within the living), on line
or operando (latin: working) are used and widely
spread in literature to describe the same discipline
[13, 14]. According to a literature review in ref
[15], in situ is used to describe the recording of
spectra at the same location where the sample is
treated, e.g. a spectroscopic cell, while operando
means simultaneous use of an additional analysis
technique to determine a chemical change under
working conditions. For an operando cell, the pos-
sibility of obtaining kinetically relevant data, is a
key requirement. Since in this work the kinetic pro-
cesses on the surface of OER catalysts under work-
ing conditions are studied by Raman spectroscopy
during the application of electrochemistry measure-
ment techniques, the term operando is used further.

The difficulty is to apply in situ techniques that ad-
dress not only the bulk material, but allow monitor-
ing of surface changes, intermediates, or adsorption
processes. Also, conventional spectroscopy is appli-
cable to catalysts either freshly prepared or used,
mostly under room temperature [16]. Nowadays, in
situ spectroscopy of catalysts is used by a variety of
spectroscopic techniques such as infrared (IR), Ra-
man, X-ray absorption (XAS), nuclear magnetic res-
onance (NMR), UV-vis, and Mdssbauer spectroscopy,
to name a few [16].

Raman spectroscopy in particular is convenient
for operando spectroscopy, since it uses visible light,
allowing observation of catalysts due to irradiation
through transparent cells. It is also applicable at
higher temperatures, enabling monitoring of ther-

mal decomposition or experiments at elevated pres-
sures [17, 15]. Especially Raman spectroscopy gives
strong signals for typical catalytic active sites, such
as molecular M=0, M—0O—-M, M—0, and M—O-0
vibrations. IR spectroscopy for instance, which sig-
nal is strongly adsorbed by aqueous phases, gives
rise to strong signals of surface chemistry probes,
such as CO or CH3;0H, and M-OH surface hydroxyls
[18].

Wachs and Roberts [18] reviewed catalysis lit-
1970 to 2010, reporting that
Raman catalyst studies have seriously started to

erature from ca.

rise after 1995 due to the employment of in situ
techniques for active site determination. In fact,
ca. 25% of available Raman literature nowadays
focuses on in situ spectroscopy, accounting to the
dynamic Raman signal response regarding environ-
mental factors such as concentration, temperature,
or pressure.

This work

In this thesis, NiO, and MnOy are investigated to-
wards their suitability as catalyst electrodes regard-
ing the oxygen evolution reaction in alkaline media.
A special focus will rely on structure-activity correla-
tions to examine the influence of defects in NiO, and
its substrate dependence. Different manganese oxi-
dation states are discussed regarding their influence
on the catalytic activity.

Thin films of the materials are sputtered mainly
on gold, analysed with XPS, investigated in electro-
chemistry and monitored under working condition
with Raman spectroscopy. Since this is the first the-
sis in this group to engage in this field, a minor
part will deal with the general process of surface
enhancement and in situ spectroscopy of metal ox-
ides.




2 Theoretical Background

This chapter provides an overview of the theoretical background needed to understand the experimental

part. The basics of electrochemistry for water splitting are discussed and the overall kinetic processes on

the surface of electrodes, especially for the oxygen evolution reaction, including the electrochemical double

layer in solid/electrolyte interfaces and the Butler-Volmer equation are explained. The effective method of

sputter deposition for sample synthesis is explicated, followed by the main analysis methods, Photoelectron

and Raman spectroscopy.

2.1 Water Splitting

Electrochemistry (EC) is a discipline of physical
chemistry, studying the relations between electrical
energy and chemical processes with a focus on using
electrons (e7) to induce a chemical change and vice
versa, specified by two different examples for an

electrochemical reaction:

(a) a chemical reaction driven by externally sup-
plied electric current, as in the water splitting
reaction, known as electrolysis;

(b) production of an electric current through an
exothermal chemical reaction, as in the dis-
charging process of a battery.

An electrochemical reaction involves e~ transfer
from one molecule or ion to another, changing its
oxidation state. This happens for condition (a) as
well as for condition (b). Based on the change in
oxidation state, a molecule/ion is either oxidized in
an anodic or reduced in a cathodic process, forming
a reduction-oxidation (redox) couple [19]:

Ox + ne” =— Red 2.1)

The possible half cell reactions towards success-
ful electrolysis are oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER). Their corre-
sponding counter reactions, as they occur in a fuel
cell, are called oxygen reduction reaction (ORR)
and hydrogen oxidation reaction (HOR). The OER

can be seen as the bottleneck of water splitting
due to its slow kinetics and the high overpotential
(n) that has to be supplied to drive the reaction to
produce later energetically useful H, [20].

Since the half cell potential E of an electrode
can not be measured directly, potentials for dif-
ferent redox couples are standardized versus the
H*/H, potential in a standard hydrogen electrode
(SHE), which is E® = 0V by definition. The stan-
dard potentials E° at 1 bar and 25 °C are tabulated
in the galvanic series. Redox reactions are highly
pH dependent and differ in reaction mechanisms
as well. In neutral and acidic conditions two wa-
ter molecules (H,O) are oxidized into four protons
(H") and one oxygen (O,) molecule, defining an
anodic half cell potential of ES = 1.23V. In alka-
line environment, an anodic half cell potential of
E? = 0.40V (E? = —0.83V) is needed to oxidize
four hydroxyl groups (OH") and transform them in
two H,0 and one oxygen molecules.

Acidic solution:

2.2
2H,0(1) < 4H" + 04(g) + 4e” (2:2)

Alkaline solution: 2.3)
40H <— 2H,0(1) + 04(g) + 4e” '

The theoretical value of both half cell reactions

is E = 1.23 V, the minimum bias potential for water
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splitting to take place, independent of the pH value.
Both half cell potentials shift based on the pH value,
keeping 1.23V constant. The pH dependence for
each half cell potential is calculated using the Nernst
equation.

RT a
E=E+—[n(—%)
nF ARed

2.4)

with the ideal gas constant R (8.31 Jmol 1K™,
temperature T, the number of e~ transferred n, the
Faraday constant F (96485.33 Cmol™!) and the
activity ratio of the redox couple agy/dgeq. Using
standard condition values of T = 298.15K at p =
1 bar, the Nernst equation is simplified to

0.059V
E~FE0+

pH (2.5)

Consequently, to avoid pH dependence and fur-
ther correction according to the Nernst equation
for measurements, a reversible hydrogen electrode
(RHE) is used. While stability at all pH values is
desired, research is often done in alkaline environ-
ment due to the elevated stability of metal oxides
in higher pH region.

Kinetics of the OER

The production of molecular O, requires the trans-
port of four e, occurring in a multi step reaction
with single e” transfer. Each step results in an ac-
cumulation of energy and consequently in complex
kinetics for the OER, creating need for catalysts with
high activity as well as sufficient stability. In alka-
line solutions, the catalytically active site adsorbs
hydroxide anions (OH") initially. The adsorbed hy-
droxide (OH,q4,) reacts with a free OH™ to build
an adsorbed oxide (O,q4,) as an intermediate while

recombining a new H,O molecule [21]:

OH™ — OH,g4 + e
OH,4s + OH" — O,y + H,O + e

(2.6)
2.7)

The O,4, again reacts with a free OH™ to build
OOH,4, as an intermediate, which in a final step
reacts with OH™ to build molecular O, and a H,O
molecule:

O.4s + OH™ — OOH,4s + €
OOHads + OH — 02 + Hzo + e

(2.8)
(2.9)

Figure 2.1 displays the energy diagram of an ideal
OER catalyst, if the previously discussed mechanism
is occurring. Per definition, the ideal catalyst needs
four charge transfer steps with identical reaction
energies AG of 1.23 eV each, resulting in 4.92 eV
in total [22]. One major focus in catalysis research
is tuning the binding energy of the intermediates
on the surface to overcome the energy difference
of the OH,4, and the OOH, 4, intermediate, 2.46 eV
on an ideal catalyst. However, the binding of these
intermediates was estimated by a constant of ca.
3.2eV for metals and oxide surfaces, implying a
universal scaling ratio between OH, 4, and OOH,, 4,
[23].

These kinetic processes discussed in above equa-
tions are the reason for the OER not to take place
at the theoretical potential of 1.23 V. The various
hindrance aspects are summed up as the so called
overpotential 1 which is defined as the difference
between the experimentally measured potential Ey;

and the standard equilibrium potential E,,.

N ="nNcr+ Naigs + Mg + [IRg =Ey—Ey  (2.10)
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ideal catalyst
O,+4(H" +e)
%‘ OOH, 4 + 3‘(H+ +e) [ AG,
B O,4s * H,O + 2(H" + €) | AG,
5 492 eV
g OH,4 + H,O + (H" + &) | AG,
[0]
o 2H,0 | G,

AG, = AG, = AG; = AG, = 1.23 eV

Reaction coordinate

Figure 2.1: Free energy diagram for the oxygen evolution
reaction on the perfect catalyst at zero potential (E = 0).
In four charge transfer steps with identical free energies,
it takes 4.92 eV towards O, evolution. Reproduced from
ref [22].

The charge transfer (CT) overpotential 71t exists
due to charge passing through the phase boundary,
the diffusion overpotential 7ny;; describes the hin-
drance of reactants in the electrolyte, while the re-
action overpotential 1y is a consequence of subpro-
cesses such as ad- and desorption or side reactions.
In the electrolyte an ohmic voltage drop IR, can be
measured and subtracted after the experiment to ap-
proach the real 1. Experimental conditions should
be adjusted to minimize the influence on 74 and
the reaction components, whereas the CT depends
on the catalytic properties of the used electrode.

The scaling relationship between OH,4, and
OOH,y, is one of the major components of the
reaction overpotential [22]. Further, it has been
reported that either the oxidation process of OH, 4
to O,4 or the water dissociation process from O,
towards OOH,; is rate-determining [24].

Electrical double layer

A standard description of electrochemical CT pro-
cesses is given with the Helmholtz layer, describ-
ing a plate capacitor like rigid double layer at the
solid/electrolyte interface. This model was further
elaborated as the Gouy-Chapman model, consid-
ering the thermal motion of ions, expressed as a
diffuse double layer with an exponential potential
profile.

A combination of both models is given by the
Stern model, assuming a superposition of the rigid
and the diffusive double layer. This model is illus-
trated in figure 2.2, indicating the different planes
and layers as well as the development of the po-
tential, starting from a solid metal electrode (®y,),
dropping at the electrode/electrolyte interface, and
reaching a steady potential at a distance beyond the
diffuse double layer regime in the electrolyte (®.).
Applying a voltage will charge the anode positively,
leading to a dipole orientation of the molecules in
the liquid electrolyte towards the electrode’s sur-
face. For a H,O molecule, the negatively charged
oxygen adsorbs to the surface—creating the rigid
inner Helmholtz plane (IHP)—while the positively
charged hydrogen atoms attract nearby OH", giving
rise to the diffusive outer Helmholtz plane (OHP).
To adsorb to the electrode surface, the OH™ have to
overcome a potential difference which is equal to

the stated ncr.

Stern layer

Diffuse layer

&

solvated cation

S)

anion

o}
o
2.
g.
2,

<
Q
=3
X

(]
®
Q
1]
c
o
o
Q
(0}

Figure 2.2: Electrical double layer model by Stern for a
solid electrode immersed in a liquid electrolyte, showing
the inner Helmholtz plane (IHP) and outer Helmholtz
plane (OHP). The IHP refers to the distance of specifically
adsorbed ions, and OHP refers to that of non-specifically
adsorbed ions. The potential gradient is indicated, start-
ing at the potential of the metal electrode ®,,, dropping
linearly in the rigid double layer regime and reaching a
steady potential of the electrolyte @ beyond the diffuse
double layer. Reproduced from ref [25].
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For the OER, the 7 in literature is often defined as
potential difference between E at a current density
j=10mAcm 2 and 1.23 V. An excellent catalyst for
the OER shows overpotential values in a range of
300 to 400 mV. [19] Metal oxide catalysts like RuO,
and IrO, are known for their low 1 below 330 mV,
but due to their high prizes research in non-noble

transition metals is done.

Kinetics of an electrode reaction

Since one of the four e transfer steps of the OER is
rate determining—assuming the current density j of
an electrode surface is a function of n—a kinetically
description of j can be given by the Butler-Volmer
equation [26]:

(a—1)nFn

) 21D

j= iofexp(2) — exp(

The theory of the Butler-Volmer equation is valid
for an ideal single e” transfer process, considering
cathodic and anodic reaction at the same electrode.
The exchange current density j, is the current den-
sity at which anodic and cathodic currents are equal-
ized. The CT coefficient a is a dimensionless factor
defined as the fraction of the electrostatic potential
energy affecting the reduction rate in an electrode
reaction. Regarding the anodic reaction it is calcu-
lated with [27]:

o = 2.3RT(dlogja)
" nF dE 7~

(2.12)

logjq

In this equation, d 77— is the inverse of the so

called Tafel slope (in decV™?) that is determined
from cyclic or linear sweep voltammetry data at
low scan rates. The number of transferred e~ (n)
changes based on the OER reaction mechanism [28].
For an alkaline reaction path at n > 300 mV, a factor
of I% is suggested [29]. Plotting the logarithmic
current density log(j) vs. the overpotential 7, the
Tafel slope is determined in the linear region of

the curve (see figure 2.3). Further, through the
intercept with the log(j) axis, the j, from the Butler-

Volmer equation is determined.

& 6 i = jo X exp %
£ Ja = Jo X[ RT
O gL
£ J=Ja%tic
n 0k
&
A oL
5
- 4}
=
(@) sk
1 1 L 1 1
-0.10 -0.05 0.00 0.05 0.10
Potential (V)

Figure 2.3: The cathodic and anodic branch as well as
the sum of both current densities based on Butler-Volmer.
This depiction is valid for j, = 1mAcm™2 and a = 0.5.

2.2 Sputter Deposition

Sputter deposition is a physical vapor deposition
(PVD) method to generate thin films on a substrate
by sputtering—a process, where noble gas atoms,
often Argon, are ionized in a plasma and accel-
erated towards a target by an electric field. The
positive gas ions (Ar") bombard the target to eject
its atoms by momentum transfer; those atoms are
then deposited on the substrates surface. In addi-
tion, other particles such as secondary e”, desorbed
gas, negative ions, and radiation (X-rays, photons)
are emitted from the target.

Sputtered atoms show a wide range of energies
up to tens of €V. Not only the ejected particles, but
also the ionized gas species are able to interact
with the sample, leading to an electrical charged
substrate and removal of deposited layers. To pre-
vent this effect and achieve higher deposition rates,
a magnetic field above the target keeps Ar* from
reaching the sample, giving rise to magnetron sput-
tering [30].
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The ionized, conducting state of the otherwise
insulating gas atoms (plasma) is achieved by the
Townsend discharge. An electric field accelerates
free e~ which collide with a neutral gas atom A,
converting it into a positively charged ion A* under
release of another e”.

€ +A — 2e +A" (2.13)

The liberated e is accelerated as well and con-
tributes to the e” avalanche. The breakdown volt-
age Vg depends highly on the system pressure p
inside the sputter chamber and the distance d be-
tween the electrodes. To reach the electric break-
down, a minimum d is required to gain sufficient
energy in the electric field and to maintain ioniza-
tion. Also, d needs to be wide enough to prevent
escape of charged particles through sideways diffu-
sion. The system pressure is inversely proportional
to the mean free path A which must be high enough
for a particle to reach the ionization potential. In
general, the breakdown voltage can be described
through

Apd

Vp= ————
57 In(pd)+B

(2.14)

with A and B being constants. At low values of
pd there are not enough collisions, for high values
of pd too many collisions keep e~ from gaining suf-
ficient energy for ionization. The discharge is self-
sustained in between several 100V to 1kV, meaning
as a current flows the gas keeps a population of ions
and free e~ to continue current flow.

Other gases than Ar can be used additionally
while sputtering. The additional gas works as an
educt for the deposited species via interaction with
the ejected target material. Typical gases for this re-
active sputter process are N, and O, to deposit well
defined nitrides and oxides. These reactions take
place on the target, in the gas phase, and on the
substrate [31]. Adding a reactive gas component

changes the composition, the deposition rate and
the necessary electric field to keep up the plasma.

2.3 X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) is a well-
established, surface sensitive method of Photoelec-
tron Spectroscopy (PES) to measure the chemical
composition of thin-layered solid materials. A sur-
face of a sample is irradiated with photons (hv),
directly interacting with the atoms’ core level e".

Basic Principle

The basic principle is the photoelectric effect, where
light of sufficient energy causes the emission of free
electrons from a sample. In XPS, a monochromatic
X-ray source emits light with defined energy

(2.15)

Fermi \ -
Lz,3 m
L O

N

N

hv

K @

Figure 2.4: Photoemission process for XPS surface analy-
sis. The filled circles represent electrons, the horizontal
lines the corresponding energy levels. The empty circle is
an electron ejected by incident light with the energy hv.

XPS delivers information of only the upper atomic
layers: incident photons may deeply penetrate the
bulk, but due to inelastic scattering of e~ inside the
material and limited A;, mostly upper layer e™ are
ejected from the sample. The escape depth/inelastic
mean free path (IMFP) of an elements core e~ is
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7



based on its kinetic energy E\;, and is highest be-
tween 50 to 100 eV, as given by the universal curve
in figure 2.5. For an e~ of an intensity I, emitted at
a depth d below the surface, the intensity is attenu-
ated according to the Lambert-Beer law. As a result,
the intensity of the same e™ reaching the surface I,
is described as

—d
I,=Iyexp(—=—) (2.16)
Ai
with A, being the IMFP Measuring Ey;, of the ejected
e, a spectrum of binding energy Egg is obtained.

The relation of these energies is given by

Epg =hv—E, —® (2.17)
with ® being the work function of the surface, where
Eyi, is measured, in this case the spectrometer’s
analyser. Since the sample’s Fermi level aligns with
the analysers’ in contact (the default setting for
XPS), the known analysers’ work function ®¢ is used
for calculation.

S0+

304 Ag

- [.']
[ ] -] o
1 n 1

Escape Depth (A)

~N
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Electron Energy,eV
Figure 2.5: Escape depth/inelastic mean free path (IMFP)
of some elements core level electrons in dependency of
the electrons kinetic energy. The black line represents

the values calculated in theory while the black dots are
measured values for the elements [32].

Egg is different for each atom, so XPS can be used
to identify almost all elements. Chemical shifts of
an element can be correlated to its oxidation state,

since a change in Egg is observed when the oxida-
tion state changes. Epp of an e~ depends on several
factors, of which some important are the element as
well as the orbital from which the e is ejected from
and the chemical environment of the atom. Since
Egr depends on the chemical environment of the
atom, existing ligands can be determined.

The basic pressure in an electron spectrome-
ter must be adjusted to avoid scattering on gas
molecules in the electrons path from sample to
analyzer, and to minimize surface contamination
to prevent distortion of the spectra [33]. The mono-
layer formation time of adsorbed atmospheric atoms
depends on their sticking coefficient, describing the
specific reactivity of gas and surface. To guarantee
accurate and reliable results, the pressure in most
equipments is p < 5 x 1071° mbar [33, 34].

All elements with an azimuthal quantum number
[ higher than 0 show a split peak in a XP spectra
because of the e~ and orbital angular momentum
interaction. The e~ spin angular momentum (de-
scribed by the spin quantum number s) is either
1/2 or —1/2 while [ is defined for the correspond-
ing main quantum number n, taking integer values
from O to n — 1. The numerical value of [ is mostly
replaced by corresponding letters, e.g. s I =0), p
(I=1),d ({=2),f (I =3). The movement of
the e” around its associated nucleus is described by
the total angular momentum quantum number j.
Peaks in XP spectra are characterized by the atom’s
spectroscopic state with nl;. All important values
following from these assumptions are listed in table
2.1 [34].

Splitting of peaks also occurs as multiplet split-
ting, for instance in the manganese core level peak
Mn 3s. Multiplet splitting is a final state effect, when
two unpaired e~ couple in an atom, resulting in an
ion with several possible final state configurations.
The several possible energies lead to asymmetrical
split lines in the spectrum. Another final state effect
are shake-up and shake-off satellites, resulting from
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Table 2.1: Quantum Numbers (main quantum number
n, azimuthal quantum number [, and total angular mo-
mentum quantum number j) and their corresponding
spectroscopic state.

Quantum numbers Spectroscopic state

n I j=|l+s]|

1 0 1/2 1s
2 0 1/2 2s
2 1 1/2 2p1 5
2 1 3/2 2p3 5
3 0 1/2 3s
3 1 1/2 3p1,s
3 1 3/2 3ps/s
3 2 3/2 3ds,
3 2 5/2 3ds,,

made available energy in the relaxation of the final
state configuration of an atom. The shake-up and
shake-off features occur due to relaxation energy
used to excite e~ in valence levels to bound states
and unbound states, respectively.

Instrumentation

As X-ray source in XPS usually Mg or Al anodes
are used which show characteristic radiation at
1253.6eV for Mg K, and 1486.6 ¢V for Al K. Typ-
ical operation power ranges from 500 W to 1kW
at 5 to 15keV anode voltage, so efficient water
cooling is essential. To achieve higher energy reso-
lution and remove the Bremsstrahlung background,
a monochromator is used, which selects a narrower
bandwidth from the natural emission to improve
the resolution. This reduces the FWHM of the K, to
a line width of less than 0.4 eV; as a consequence
reduced photon flux reaches investigated surface.

A concentric hemispherical-analyser collects the
photoelectrons leaving the sample by an electro-
static lens system, which focuses the e” onto the
analyzer. The analyzer can be biased, that only
e~ with the desired kinetic energy, the pass energy
E s, reach the detector. The basic instrumentation
is illustrated in figure 2.6.

Energy analyzer

X-ray source

Lens
system

.
N,
\,
.
.
) (&)
i
i
i
i
i
i
i
i

Electron Detector

N
\,
N
N
b

Sample

Figure 2.6: lllustration of the working principle of an
XPS measurement. X-rays from a X-ray source eject e~
from the surface of a sample which then are collected
by electron optics and guided through an hemispherical
energy analyzer onto the detector.

Quantitative analysis

XPS is used for quantitative analysis to investigate
the relative concentration of different elements in
the sample, based on the intensity of an observed
peak in the spectrum. The peak intensity I for a
homogeneous surface is described mathematically
as

I=NX0oXxDxJXLxAxAXT (2.18)

where N is the atomic concentration of an element
in the surface in atomscm™, o the photoelectric
cross-section (also known as the Scofield factor) in
cm?, D the detector efficiency, J the X-ray photon

2

flux in photonsem™2s™!, L the orbital symmetry

factor, A; the inelastic mean free path in cm, A the

analysis area in cm™2

, and T the analyzer trans-
mission efficiency. All variables but N on the right
hand side of equation 2.18 are summarized as the

elemental sensitivity factor S to simplify towards

(2.19)
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with x describing the investigated element. The
intensity I is taken from the spectrum after suitable
background correction, and S, has to be evaluated
with respect to the unique elemental values in the
variable. Errors are expected to occur, since o is a
calculated value with unknown magnitude and A
reveals an estimated error of £50 %.

2.4 Raman Spectroscopy

Raman spectroscopy is a powerful characterization
method that involves the interaction of molecules
with electromagnetic radiation, measuring the vibra-
tional, rotational, and other low-frequency modes
of molecules. It is a non-destructive, high selec-
tive technique that can be used for qualitative and
quantitative analysis [35].

Principle of the Raman Effect

When a sample is exposed to monochromatic light
in visible region, the sample absorbs light and a
major portion of the light is transmitted. A minor
part of the light is scattered by the sample in all
directions, which can be observed at the right an-
gle to the incident beam. The incident light has a
particular frequency v;. If the scattered light has
a frequency v, same as the incident light, then the
scattering is called Rayleigh scattering [36].

It has been observed that about 1% of the to-
tal scattered light occurs at frequencies different
from the incident one, which is called Raman scat-
tering [37]. The atoms have different vibrational
levels that are defined by specific energy differences.
When incident monochromatic light interacts with
an e in the sample, it absorbs energy from the inci-
dent photon and rises to a virtual state (virtual in
this case is describing a state of energy which is not
stationary in quantum mechanics—neither the next
excited state, nor a vibrational level is reached) of
energy E which is given by the formula

The e then falls back to an energy level by los-
ing energy. Three different kind of reflections are
possible which are displayed in figure 2.7. If the
energy lost equals the energy of the incident photon
hv;, the e falls back to its initial level and—in this
process—emits another photon. Since the energy
lost is equal to the energy of hv;, the released pho-
ton has same frequency v; as the hv; and Rayleigh
scattering occurs [38, 36].

1
S1 0
5 T """ FT "% T"
()
= hv
m S
— /"
hy, ™ 1
SO y \ 4 0

(b)

Figure 2.7: Different reflection types for an incident pho-
ton (hv;) exciting an electron from the ground state
So to a virtual state below the first excited state S;:
Rayleigh scattering (a), Stokes-Raman scattering (b), and
anti-Stokes-Raman scattering (c).

Sometimes e”, when losing energy from the vir-
tual state, fall back to a different vibrational level.
In this case, the energy lost by the e is different
from the absorbed energy. Depending upon the final
energy of the e —the final vibrational level of the
e, respectively—Raman scattering is separated into
Stokes lines and anti-Stokes lines. If the frequency
of the scattered photon hv; is less than the incident
photon (v, < ¥;), Stokes lines are observed in the
Raman spectra. Similarly, when the frequency of
hv, is greater than the incident photon (v, > v;),
Anti-Stokes lines are observed which means the e~
emits energy.

The Raman spectrum gives the molecular finger-
print and is varying for different molecules. Sim-
ilarly, the intensity of particular Raman lines help
to determine the concentration of a molecule in a
sample, allowing quantitative analysis [39].
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Instrumentation

Surface Enhanced Raman Spectroscopy

For Raman spectroscopy, the energy shift of a scat-
tered photon is measured in cm™! against the fre-
quency of occurrence with only one in 10”7 photons
being relevant for the Raman effect. Nowadays, Ra-
man spectroscopy is usually implemented in other
optical instruments, e.g. confocal microscopy. A
exemplified setup for a confocal Raman microscope
is given in figure 2.8.

ratin ’
g g g
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entrance slit

& >
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confocal plane
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| \ notch filter

> lens

laser

AN

objective lens

IRV sample

Figure 2.8: Schematic of a confocal Raman microscope
with all relevant components (violet) and the way of the
laser light (chartreuse).

In confocal microscopy, a laser is focused onto
a sample trough a microscope objective that also
collects the scattered light, directing it onto a confo-
cal plane, leaving only the central part of the beam
pass to reach the detector [40]. Since only light
from the focal plane is collected by the aperture,
the image contrast is strongly enhanced and surface
processes can be monitored more easily. A detailed
description on all components of a Raman micro-
scope and the discussion of their settings can be
found in section 4.7.

The concept of surface enhanced Raman spec-
troscopy (SERS) was first introduced by Fleis-
[41] in 1974, measuring the ad-
sorption of pyridine on roughened silver electrodes.

chmann et al.

Coupled with resonance Raman spectroscopy (RRS),
much higher intensities of up to ten orders of mag-
nitude are reported [42].

Operando Raman Spectroscopy

A powerful step into understanding catalysis is
studying electrodes under genuine reaction con-
ditions. This is provided by operando spectroscopy,
which allows characterization of a material and cat-
alytic activity/selectivity simultaneously [43, 14].
In opposition to in situ measurements, operando
spectroscopy provides information about the dy-
namics of catalytic active sites [16]. The reaction
intermediates on a surface are studied and conclu-
sions regarding the active structure can be made.
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3 Research on Transition Metal (Ni, Mn) Oxides as Catalyst Electrode Material for

Electrochemical Water Splitting

To get an overview about the current research on the transition metals nickel and manganese and their

corresponding oxides, the general structure and redox chemistry of NiO, and MnO, is edited along with their

employment as electrocatalyst towards the OFR in this chapter. A special focus lies on their behaviour under

irradiation of light in Raman spectroscopy.

3.1 Nickel (Hydr)oxide as Catalyst Electrode

Material

Nickel monoxide (NiO) is part of the 3d transition
metal oxides (TMO). It has a face centred cubic (fcc)
structure with a lattice constant of a = 0.4168 nm
[44]. In its ground state, Ni is in an Ni'! oxidation
state with a rock salt structure [45]. The single-
crystal has a density of 6.67 gcm™ [46]..

Nickel hydroxide (Ni(OH),) has a hexagonal
structure with lattice constants a = 0.312nm, b =
0.312nm, and ¢ = 0.460 nm, and angles of a = 90°,
B = 90° and y = 120° [47], and occurs in two
different pseudo-polymorphs:

(a) o-Ni(OH), consists of random Ni(OH), layers
with intercalated anions or H,O [48];

(b) B-Ni(OH), has a hexagonal close packed struc-
ture (hep) and consists of Ni?* and OH™ ions
[49].
theophrastite [50]. Its structure is isomorph
with Mg(OH), [51].

Naturally it occurs as the mineral

The main difference of the two nickel hydrox-
ides is the layer distance which is ca. 0.76 nm for
o-Ni(OH),, and 0.46 nm for 3-Ni(OH), [52]. Both
Ni(OH), can further be oxidized to their correspond-
ing nickel oxyhydroxides y-NiOOH and p-NiOOH.

Redox chemistry of Ni(OH), in alkaline media

The redox system of Ni(OH),/NiOOH is well-
studied, based on Ni being an extensively used

element for all kinds of electrochemical applica-
tions such as electrolysers, fuel cells, and alkaline
batteries [53].

In 1966, Bode et al.
scheme regarding the redox processes of Ni(OH)s,.

[54] proposed a basic

Their scheme involves the formation of 3-Ni(OH),
by ageing o-Ni(OH),, and a reversible redox reac-
tion towards nickel oxyhydroxide (y-NiOOH and
B-NiOOH) and vice versa. The scheme later got
more nuanced and the dotted arrows (the dotted
arrows are understood as partial reactions) were
added [55, 49].

reduction

B-Ni(OH), D -NiOOH + H* + e
. oxidation
ageing \\\ overcharging
reduction IS
o-Ni(OH), *~~======="- y-NiOOH + H* + &
oxidation

Figure 3.1: General scheme of the electrochemical pro-
cesses at Ni(OH), electrodes, involving ageing, charging,
discharging, and overcharging processes. Figure created
based on refs [54, 55].

This scheme was proposed without respect to the
material texture (recalling that Bode et al. [54] pub-
lished their scheme for electrodeposited Ni(OH),),
electrolyte concentration, and charge and discharge
rates [49]. The model might change for Ni(OH),
prepared by other techniques [53].

The redox processes are designated to the redox
peak visible during cyclic voltammetry of Ni(OH),

in alkaline solution. The basic conversions of
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the scheme can not be considered stoichiomet-
ric, but should be understood as the limited diva-
lent/trivalent material forms [53]. In an oxidation
process of Ni(OH),, the basic chemical equation can
be formed as follows:

Ni(OH), + OH" — NiOOH + H,0 + ¢~ (3.1)

Regarding the oxidation state of Ni, this is consid-
ered the Ni''/Ni'! redox transformation. For both
o-Ni(OH), and B-Ni(OH),, the oxidation state of Ni
is in the range of 2.0 to 2.2. In oxidized 3-NiOOH,
Ni shows an oxidation state of 3.0, while for the
overcharged y-NiOOH, it further oxidizes towards
a range of 3.5 to 3.7 [53].

Activity of different Ni containing

electrocatalysts

Lots of research has been done towards NiO, as
catalyst material for the OER due to the high prize
of noble metals Ru and Ir and their limited stability
in alkaline media [56]. In fact, hydrous NiO, lay-
ers showed no change in the charge enhancement
factor in alkaline media for 14 days [57].

The long time benchmark electrodes Ru and Ir,
and their oxide compounds RuO, and IrO,, are re-
ported to have low 71 towards the OER [58]. Ni-
based catalyst have long been considered for OER
in alkaline solution due to their low price, high cat-
alytic activity as well as stability [59]. Stern et al.
[60] investigated NiO, and Ni(OH), NPs towards
the OER in alkaline solution and reported 71 of 300
and 330mV at j = 10mAcm 2 for Ni(OH), and
NiO,.

Ni is often the material of choice when it comes
to forming compounds for water splitting. Moghad-
dam et al. enhanced the catalytic activity of IrO,
with enrichment of Ni. They synthesized Ir-Ni NPs
by stirring IrCl; and NiCl, in aqueous alkaline so-

lution to achieve 1 of 280mV at j = 10 mA cm ™2

[61].

Especially Ni-Fe based catalysts are some of the
most active and well-investigated electrocatalysts
[62] electrode-
posited Ni supported FeOOH on reduced graphene

regarding the OER. Zhang et al.

oxide to lower the energy barrier during OER and
achieved an 7 of 260 mV at j = 10 mA cm 2.

Also Fe doping on NiO, delivers solid perfor-
mances. The investigation of different Fe content
in porous Fe-Ni-O catalysts delivered 1 of 328 mV
at j = 10mA cm 2 for an Fe content of 15 % [20].
Further explained by Li et al. [63], Fell
the formation of catalytically most active Ni'V due
to the role of Fe'! as a Lewis acid in host NiO, [63].

promotes

Ni can also improve OER catalysts as a substrate
material, such as porous Ni foam. Lei et al. elec-
trodeposited RuO, on Ni foam and obtained 7 of
288 mV at j = 20 mA cm™ 2. Further, they improved
the performance of the foam by electrodepositing
NiFeOH to achieve 1 = 264 mV at the same current
density [64].

Based on the observations in literature, it is im-
portant to state the difficulty of comparing over-
potential values as bare numbers, since one has to
respect the surface involved in the OER. A signifi-
cant comparison is therefore only given for similar
surface areas, which is why flat electrodes are used

in this work.

Operando Raman spectroscopy NiO,/Ni(OH),

electrodes

The oxidation of Ni(OH), to NiOOH has been dis-
cussed before. Measurements of NiIOOH have to
be performed operando (or at least in situ) since

the oxidation is reversible and the Ni''/Ni

system
transforms back to the Ni(OH), state when reduced
or discharged.

The Nil! phases o/3-Ni(OH), have been studied
as thin films, for instance by Hall et al., who per-
formed Raman spectroscopy on dry films with 1 mW

of 457 nm laser light and a 100x objective [65].
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They observed a weak feature at ca. 1556cm™,

corresponding to a two-magnon transition from the
antiferromagnetism of NiO, at RT, that vanishes
in Ni(OH), under formation of an O-H stretching

mode at ca. 3575cm™ L.
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Figure 3.2: Molecular Raman modes in a M(OH),
molecule. Dotted arrows indicate the direction of vi-
bration for each atom/bond [51].

For 3-Ni(OH),, four Raman-active transitions are
predicted by group theory, two with E; and two with
A, symmetry [66]. A schematic overview of these
modes is given in figure 3.2. Three of these modes
are located at 310 to 315cm™!, 445 to 453cm™},
and 3581 cm™! while the fourth transition has not
been determined clearly [65, 51]. Since 3-Ni(OH),
and Mg(OH), are isomorph, the same Raman bands
occur. These vibrational bands are well studied and
summarized from different sources in table 3.1.

Yeo et al. [73] used operando Raman techniques
to study the oxide layer formation on NiO, films on
Au and Pd during OER in 0.1 M KOH. They observed
the Ni''/Ni' redox transition of o-Ni(OH), towards
v-NiOOH as well as from 3-Ni(OH), (formed during
ageing of a-Ni(OH),) to the more active 3-NiOOH.
However, they noted NiOOH might not be the active
species during O, evolution. Furthermore, they at-
tributed an interaction of Ni with highly electroneg-

ative Au to increase the activity of thin layers of
NiO;.

An important reference for this thesis is the work
by Diaz-Morales et al. [72], who not only studied
the Nil/Ni'! redox mechanism by operando Raman
spectroscopy, but also suggested a deprotonation
step of Ni'! in NiOOH towards Ni'V. For electrode-
posited Ni(OH),, they discovered a double peak
above 1.35V vs. RHE that is attributed to a O—0O
vibration in NiOO™, where Ni'V is present, resulting
in the outstanding performance of Ni as non-noble
anodic electrocatalyst material.

3.2 Manganese Oxide as Catalyst Electrode

Material

MnO, compounds gained severe interest for water
splitting being known as the only system in nature
to catalyze water oxidation [74]. The oxygen evolv-
ing complex (OEC) of Photosystem II (PSII) is a
Mn,4OsCa cluster. PSII is part of the photosynthesis
system of plants, algae, and cyanobacteria, inhibit-
ing Mn in oxidation states from II to IV [75, 76].
The oxygen atoms serve as oxo-bridges linking five
metal atoms and four H,O molecules bound to the
cluster[77].

Additionally to being the OEC in nature, attention
to Mn as water oxidation catalyst compound has
been given due to its low cost and its non-toxicity
[74, 78]. To address fundamental research regard-
ing Mn compounds with respect to its oxidation
state in PSII, this work focuses on basic manganese
oxides (MnO,) as in MnO (Mn')), Mn,05; (Mn'"),
and MnO, (Mn') which shall be further elaborated:

e MnO (Mn"0O) has a rock salt structure with
Mn?* cations and O3 anions being octahe-
drally coordinated [79];

* Mn,03; (Mn'0) does not occur in nature as y-
Mn,05 and crystallizes tetragonally, changing
into a-Mn,O3 above 500 °C [80], revealing a
cubic bixbyte structure [81].
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Table 3.1: Raman bands (cm™!) observed in literature for Mg(OH), and S-Ni(OH),.

Oxide Raman shift (cm™) Ref.

NiO 570 730 906 1090 1490 [67]

Mg(OH), 282 445 803 3654 [66]
3-Ni(OH)2 310 445 510 3570 3600 3680 [68,69,51,70]

315 450 517 880 3580 3600 [71]

313 447 508 3581 3601 [51]

457 504 [72]

v-NiOOH 479 558 [73]

3-NiOOH 486 561 [73]

482 562 [72]

* MnO, (MnVO) crystallizes in the rutile struc-
ture as 3-MnO, with three-coordinate oxide
and octahedral metal centres [82]. At least six
modifications of MnO, have been character-
ized (o, B (pyrolusite/Braunstein), y (spinel),
0 (birnessite), ¢, and ramsdellite) which differ
in their degree of crystallinaty. [79, 83].

MnO, features a variety of different possible oxi-
dation states which is why knowledge about redox
reactions is of great importance. Heating MnO, in
air results in phase transitions. MnO, is converted to
Mn,05 between 500 to 600 °C and further reduced
to Mn30,4 above 890 °C in air [84]. Concluded by
DSC studies, heating under Ar atmosphere results in
thermal decomposition of MnO, to Mn,0O3 at 590 °C
under O, evolution [85].

Raman Spectroscopy of MnO,

A variety of studies have been carried out to de-
termine the Raman scattering (RS) frequencies of
manganese oxides. Buciuman et al. [86] used violet
(457.9nm), green (514.5nm), and red (647.1 nm)
laser light to examine bulk MnO, in different oxi-
dation states. They obtained 3-MnO, and prepared
Mn30,4 and o-Mn, O3 by heat treatments. Julien et al.
[83] investigated a variety of MnO, by pelletizing
powders, using 514.5 nm laser light with an excita-
tion power of 10 mW. The phase-transformation in
a-Mn,03 (synthesized by thermal decomposition of
MnCO3; powder) nanocrystals was studied during
catalytic combustion, assigning three prominent fea-
tures to a-Mn,O5 at 686, 637, and 307 cm™!. Gao

et al. [87] used 99.9 % pure powders to elaborate
the RS differences between «- and 3-MnO,, finding
one characteristic Raman band at ca. 665 cm™! for
B-MnO, (rutile), and two bands at 574 and 634 for
a-MnO, (hollandite), based on their crystal struc-
ture.

Table 3.2: Raman bands (cm™!) observed in literature for
MnO,.

Sample  Raman shift (cm™!) Ref.
MnO 250 531 591 654 [83]
544 648 [88]

521 595 645 [86]

Mn304 319 374 659 [89]
315 365 651 [86]

310 357 485 579 653 [83]

4-Mny0s5 307 637 686 [90]
509 581 650 [86]

311 653 697 [88]

a-MnO, 328 389 517 580 632 751 [91]
(3-MnO, 319 377 486 538 665 750 [83]
v-MnO, 246 337 379 491 520 572 630 670 738 [83]

Available literature on RS data for MnOj, is plenty
and therefore difficult, especially if the structure of
amorphous thin films is unknown. Table 3.2 gives
an overview of the typical wavenumbers of MnO,
Raman bands. The characteristic frequencies have
to be applied supported by XPS results for better
knowledge of the sputtered species.

Potential dependent behavior of MnO,

The use of in situ/operando techniques to study
the electrochemical behavior of MnOj is of great
help to overcome most of the speculative processes
ocurring in literature. Messaoudi et al. [92] used
in situ Raman spectroscopy to investigate the Mn

oxidation states on metallic Mn at various applied
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potentials in alkaline media. The ocurring species
were attributed with ref [93]. Below 0.5V vs. RHE,
Mn30, (Haussmanite) was observed, oxidizing to-
wards Mn,O5 (Bixbyite) at 0.9V vs. RHE, followed
by a partly transformation to MnO, (Ramsdellite)
above 1.4V vs. RHE. At high potentials above 1.7V
vs. RHE, a color change of the electrolyte was asso-
ciated with the formation of MnOy.

Bernard et al. [93], studied non-stoichiometric
MnO, samples—deposited by various methods—at
applied potentials with Raman spectroscopy in 0.1
M Na,B40;. They found electrochemical deposited
MnO, to reveal Mn,03 character when in contact
with electrolyte, further oxidizing to MnO, dur-
ing cycling, attributed due to a vanishing peak
at 580cm™! and an emerging peak at 650 cm™’.
Thermally deposited (evaporation of metallic man-
ganese in an Ar/O, atmosphere) Mnz04 showed the
appearance of Mn,0O3 during a potential of 0.1 to
0.7V vs. RHE unrecoverable.

[94] studied the perfor-
mance of MnO,. They electrodeposited birnessite
(5-MnO,), bixbyite (a-Mn,03), and a mixture of

Recently, An et al.

birnessite-bixbyite on ITO substrates and investi-
gated the O, evolution behaviour in 0.1 M KOH.
They attributed a OER activity of below 0.1 mA cm™2
well above 1.8V vs. RHE for o-Mn,O3, but stated
higher performance for the mixed phase above
1.83V vs. RHE, also compared to pure 5-MnO,.
By operando Raman studies, they attributed this be-
haviour to a charging process, initiating a triclinic
to hexagonal transformation and formation of point
defects in MnO,. This process is observed by a peak
shift from 625 to 650cm™" in 5-MnO, and from
630 to 642 cm ™! in the mixed phase by applying a
potential of up to 1.85V vs. RHE. Similar intense
peak at 635 cm™! was found by Xu et al. [21] for
o-Mn,O3 during methane combustion along with a

weaker feature at 341 cm™!.

Gosztola et al. [95] investigated the structural
changes of 10 nm thin MnO,, films. They electrode-
posited MnO,, (y-MnO, with ramsdellite (R-MnO,)
structure along with randomly distributed domains
of 8-MnO, and Mn(OH), on an electrochemically
roughened Au electrode. Then, they performed
in situ Raman spectroscopy during galvanostatic
reduction (0.16 to -0.96V vs. RHE) and linear
sweep voltammetry (0.22 to -0.90V vs. RHE) in
1M KOH. A broad band at 585 cm™! was attributed
to the Mn—O vibrations prior to the reduction pro-
cess, a growing band at higher cathodic poten-
tials at 670 cm™! was associated with electron rich
Mn—O—Mn units, along with a 415 cm™! band as-
signed to Mn—OH in MnOOH, and a 470 cm™* band
attributed to Mn—OH species in Mn(OH),.

The potential induced behaviour of MnOj, relies
on a variety of factors, such as the oxidation state,
crystal structure, electrolytic environment, and de-
position process, so RS bands have to be assigned
with care and respect to the experimental section of

the literature.
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4 Experimental

This chapter is meant to explain the conduction of the experimental work in this thesis. First, an overview of

the ultra high vacuum system, where samples have been synthesized and analysed, is given. After that, the

exact preparation and production procedure of substrates and samples is written down. Then, the use of X-ray

photoelectron spectroscopy, electrochemistry, and Raman spectroscopy as investigative methods is explained in

detail regarding instrumentation, parameters, and measurement processes.

4.1 General Experimental Procedure

The samples in this work underwent an experimen-
tal procedure, depicted in the flow diagram in fig-
ure 4.1, based on which this chapter explains the
methods and parameters used to investigate the
electrocatalysts. The overall procedure started with
the substrate preparation, surface enhancement for
Au, a HNOj; etch for Ni foil, and a polishing and
grinding procedure for stainless steel (SS), followed
by deposition of TMOs via reactive magnetron sput-
tering. The chemical composition was determined
with XPS in line to address discrepancy of activ-
ity in EC. Raman spectroscopy was performed as a
characterization technique and operando to inves-
tigate surface processes during the OER. XPS was
again performed after EC to find permanent surface

chemistry changes of the sample.

4.2 Darmstadter Integrated System for

Fundamental Research

Reactive magnetron sputtering and XPS investi-
gation have been conducted in the Darmstadter
Integrated System for Fundamental research (DAISY
Fun). A detailed view of the DAISY-Fun is found
in figure 4.2, a picture of the UFO is displayed in
figure 4.3.

Samples are introduced into the ultra high vac-
uum (UHV) via two different load locks. UHV in the
DAISY-Fun means an operating pressure of 1078 to
107%mbar. To introduce samples, the load lock

is fluted with N,. The MBE-chamber possesses

Characterization
Surface X-ray photoelectron
—_—>
Enhancement spectroscopy (XPS)
Sputter
Deposition
. Open Circuit
| Characterization ‘ Potential (OCP)
X-ray photoelectron Electrochemical
spectroscopy (XPS) Impedance (EIS)
Electrochemical
Active Surface
Area (ECSA)
‘ Characterization l
: Linear Sweep
Operando e Voltammetry
Raman Spectroscopy (LSV)

Figure 4.1: Overview of the experimental procedure in
this work. Starting from preparation, the timeline is in-
dicated by black arrows. All steps are explained in this
chapter in detail.

a height-adjustable, rotatable sample manipulator
where a holder for a maximum of four ~ 1cmx1cm
samples is placed. Two different sputter sources en-
able co-sputtering with stoichiometry control by
two different power boxes. A heater with adjustable
height is mounted above the sample holder for an-
nealing or sputtering at elevated temperatures. The
system allows sample movement by manipulator
arms to measure XPS in line without atmospheric
contact.
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XPS-Chamber

() Top View Windows
Valves

Organic- ALD-
Glass Chz?mber Load Chamber
Cross O Lock
EC ‘UFO’ O
Chamber O Buffer-
Chamber
O
Load MBE- Load Lock
HREELS- Lock SAISY Chamber (2" Option)
Chamber Move

Figure 4.2: Darmstadter Integrated System for Fundamental Research (DAISY Fun); all parts of the ultra high vacuum
(UHV) system are shown in the figure; important for this work were the MBE chamber, the XPS chamber, the "UFO’,
the load lock connected to the 'UFQO’, the tube connecting the "UFO’ and the MBE chamber, and the load lock (2"

option) connected to the MBE-chamber.

4.3 Substrate Preparation

Different substrates were used for the sample depo-
sition. Most measurements in this work were con-
ducted on three coin-shaped gold plates (Schiefer
% Co., 99.9 % purity) with a diameter of 12 mm
and 1 mm in thickness. The surface composition
was validated with XPS measurements. Most peaks
visible in the spectra (figure 5.2) can clearly be as-
signed to gold. The carbon core level peak C 1s can
be detected due to contact with atmosphere before.

Au: Pure gold was used to allow surface en-
hanced Raman spectroscopy (SERS) for investiga-
tion of thin metal oxide layers. For increasing the
intensity of the vibrational bands in Raman spec-
troscopy, the surface of gold is enhanced. A detailed
description of the process and its results can be

found in section 5.

Stainless steel: Austenitic stainless steel (SS,
X5CrNil8-10, 1.4301) with an area of 1cm? has

been used as a substrate. The chemical composition
is listed in table 4.1.

Table 4.1: Chemical Composition of the Stainless Steel
Substrates. All values regarding the element fraction are
given in mass-%.

C Si  Mn P S Cr Ni N
min. - - - - 17.5 8.0
max. 0.07 1.0 2.0 0.045 0.03 19.5 10.5 0.1

The unworked SS were sanded to a plane and
homogeneous surface with abrasive SiC grinding
paper (Struers) of European (P-grade) grit sizes
of P320, P1000, P2400, and P4000 at a speed of
150 rpm for 10 to 20 min each. Afterwards, the sam-
ples were cleaned in an ultrasonic bath in distilled
H,0 for 5 min to remove residual dust and material.

Diamond polishing (DP-Paste M, Struers) steps
were executed with grain sizes of 6, 3, 1, and
1/4 ym with a single force sample operation of 15
to 20N with a wheel and specimen holder speed
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Figure 4.3: Photography of the Daisy-Fun UFO, connect-
ing load lock, tube from MBE, and XPS with a 360° rotat-
able manipulator arm. The pressure in each chamber is
secured with VAT UHV gate valves.

in the opposite direction at 150 rpm for 4 min. A
lubricant (DP-Lubricant Blue, Struers) was provided
to moist and cool the substrates. After each step,
the substrates were rinsed with H,O. Sanding and
polishing was executed on a Buehler Phoenix 4000
sample preparation system. To remove all residual
dirt, glue, and diamond paste from the substrates,
they were cleaned two times in acetone and once in
isopropanol in an ultrasonic bath for 10 min each.

The substrates were coated with a thin Au layer
afterwards. While still being an electric conductor,
Au has an extensive double layer region which in
the presence of most electrolytes shows no Faradaic
behaviour [96]. This allows proper investigation
of top layers without errors due to catalytic activ-
ity of SS. As it is seen in table 4.1, SS contains
high amounts of Ni which is known to be an excel-
lent non-precious catalyst towards the OER in alka-
line media. Au layers were deposited in a Quorum
Q300T D Sputtercoater—designed to grow metallic
thin films by Ar-sputtering on metallic targets—with
an Au-target at a current of 30 mA over 125s, to

generate an intermediate layer of ca. 50 nm thick-
ness.

Ni foil: Ni foil with an area of 1 cm? has been cut
out of a thin Ni sheet with a thickness of ca. 1 mm.
To remove the native passivating oxide layer of the
foil, an etching process was conducted according to
ref [97].

The substrates were etched in dilute nitric acid (3
parts HNO; to 7 parts H,O) for 30 s and immersed in
millipore water. Afterwards, they were rinsed with
CH,40 and dried under N,. Concentrated HNOs is
known as a rapid etching agent for Ni, so diluting
with H,O will decelerate the process. After etching,
the substrates were immediately introduced into
the UHV to prevent new oxide layer formation.

4.4 Reactive Magnetron Sputter Deposition

The gas mixture for sputtering was set with mass
flow controllers (MKS Instruments), using Ar
(99.999%, Air Liquide) and O,. With a heater
above the samples, the temperature was adjusted
from RT to 600°C. The substrate holder was ro-
tated at 30 rpm during sputtering to increase the
film thickness uniformity [98]. A photography of
a co-sputtering process with two active sources is
given in figure 4.4. Nomenclature of NiO, samples
is explained in box 4.1, for MnO, in box 4.2.

NiO,: For the synthesis of NiO,, sputtering was
performed with a gas mixture of 19.6 sccm Ar and
0.4 sccm O, at a DC power of 15W, using a metal-
lic Ni target (2in, 99,95 %, Kurt J. Lesker Co.) at
0.03 mbar. The target was pre-sputtered for 2 min
with closed shutters before conducting a 9 min de-
position. For deposition at elevated temperatures,
desired T is hold for at least 5 min before sputtering.

MnO,: For deposition of MnO,, a metallic Mn
target (Kurt J. Lesker, 99 %) has been used. The
target was pre-sputtered for 10 min before each
deposition. MnO (Mn'") and MnO, (Mn") were
directly deposited on Au with a DC sputter power of
20 W at a pressure of 0.03 mbar. To grow Mn, a gas
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Figure 4.4: Inside the MBE chamber: Both sputter sources
active (molybdenum in the front, manganese in the back)
during a co-sputtering deposition process. The substrates
are mounted on the sample holder at the top of the pic-
ture. Sputtering is performed with a Ar/O, gas mixture.

mixture of 19.9 sccm Ar and 0.1 sccm O, was used,
for Mn'V, the Ar content was reduced to 19.6 sccm
and O, increased to 0.4 sccm. It was not possible
to deposit Mn,05 (Mn'!) directly on Au, since the
usual sputter parameters resulted in thicker layers

of Mn''. As a consequence, Mn'"

was synthesized
by sputtering Mn", and annealing the sample at
600°C for 1h in Ar atmosphere (20 sccm) to ther-
mally reduce the Mn' species under O, evolution

according to equation 4.1.

2 MI’IOz A

1
Mn,05 + E 0O, (4.1)

4.5 X-Ray Photoelectron Spectroscopy

In XPS analysis, first a survey spectra of the sample
is recorded with a relatively high pass energy E;,
low resolution scan over a large Epp range. This
survey provides a useful first impression to iden-
tify interesting regions which are then investigated
with lower E,,; and thus higher resolution. In most
cases, peaks can easily be identified due to their

Box 4.1: NiO,—Sample nomenclature

The nomenclature of the samples will give
direct insight on the substrate as well as the
temperature treating process. Samples will
be described as Niog, where:

* NiO: describes the chemical composi-
tion of the sample, NiO for nickel oxide

* B: provides information on the sub-
strate; B could be Ni (nickel), Au
(gold), or SS/Au (gold coated stainless
steel);

* C: shows the temperature of the heater
during the reactive magnetron sputter-
ing process. C is either RT for room
temperature, or 200/400/600 for the
respective T in degree Celsius.

For instance, a NiO, sample deposited on Au
at a temperature of 600 °C will further be
refered to as Niog?lo.

known position while different oxidation states of
an element only vary in a few eV.

For detail spectra, a lower E, results in lower
intensity peaks and therefore higher noise to signal
ratio. The noise can be reduced through multiple
scans over a region. While the survey only consists
of two scans, detail spectra were scanned 10 to 15
times. Also the step width in the survey spectra is
ca. 1 eV, but is reduced to ca. 0.05 eV for detail
spectra.

All the XPS measurements have been conducted
in line directly after sputter deposition, to avoid
contamination of the samples, which means all
peaks are directly linked to the corresponding de-
position. The XPS measurements were conducted
with a hemispherical energy analyser PHOIBOS 150
(Focus 500 with XR50M) from SPECS Co., contain-
ing an Al anode with characteristic Al K, radiation
of 1486.74 eV.
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Box 4.2: MnO,—Sample nomenclature

The nomenclature of the MnO, samples will
be done in a way similar to NiO,. Samples
will be described as Mng, where:

¢ Mn: describes the main element in the

sample, Mn for manganese

* B: provides information on the main
oxidation state of the sample, as it was
evaluated as prepared with XPS

* C: gives helpful information on the
treatment of the sample, will be EC for
samples after electrochemistry

4.6 Electrochemistry Measurements

A PECC-2 EC cell by ZAHNER-Elektrik GmbH &
Co.
a three-electrode setup the current flow between

KG was used for electrochemistry (EC). In

the sample, at the working electrode (WE), and a
platinum wire, the counter electrode (CE) is mea-
sured. The potential is determined between the
WE and the reference electrode (RE), in this case
either an Ag/AgCl (0.210V vs. NHE) or an Hg/HgO
(0.250V vs. NHE) electrode. Using an o-ring with
a diameter of 7 or 8 mm, a catalytic surface of
~ 0.385/0.503 cm? is exposed to the 0.1 M KOH
(99.98 %, Carl Roth) electrolyte.

Before each experiment, the RE was calibrated by
recording the open circuit potential (OCP) over a
time span of 600 s as displayed in figure 4.6. The
saturation value (Egg) is used to select the mea-
surement ranges for the experiment, since the scale
shifts based on the RE and the pH value of the elec-
trolyte according to Nernst equation (see equation
2.5).

During the calibration, the Zahner cell was pre-
pared. All cell parts were cleaned with millipore
H,0 and dried under N,. Afterwards, the sample
and the RE were assembled to the cell, and elec-

|l
Q

). @

PN

Figure 4.5: Left: Photography of the Photoelectrochemi-
cal Cell (PECC-2) from ZAHNER-Elektrik GmbH & Co. KG.
used for EC measurements in this work. The cell is build
for a three-electrode setup. A window allows observa-
tion of the sample during measurements. Right: Picture
of a Au sample inside the Zahner cell during O, evolution,
displaying air bubble adsorption on the surface of the
sample.

trolyte was filled in. The complete cell then was
mounted in a three-electrode setup.

NiO,: All experiments were performed using a
Interface 5000E potentiostat (GAMRY instruments),
following a basic sequence (which was corrected in
regard to the potential of the RE) as following:

€3]
(2)
(3
4)
)
(6)

OCP (600's) of Ag/AgCl vs. RHE

OCP (3005) of the sample

EIS at OCP (1 MHz to 5Hz)

EIS at 1.1V vs. RHE (1 MHz to 5Hz)

LSV at 1.0 to 2.0V vs. RHE with 10 mVs™*

CV at 1.02 to 1.12V vs. RHE (10 cycles) for
different scan rates (10, 20, 50, 100, 150,
200, 250 mV's™1); holding at 1.07V for 120
before each new scan rate;

(7) CA for900s at 1.52V vs. RHE
(8)

(9) CA for 3600s at 1.52V vs. RHE

LSV at 1.0 to 2.0/2.1Vvs. RHE with 10mV s~ !

(10) LSV at 1.0 to 2.0V vs. RHE with 10 mVs™!
(11) CAfor 300s at 1.52V vs. RHE

(12) CV at 1.02 to 1.12V vs. RHE (10 cycles) for
different scan rates (10, 20, 50, 100, 150,
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Figure 4.6: Open circuit potential (OCP) of used Ag/AgCl
RE vs. RHE for calibration of the potential shift. The
relation between Ag/AgCl and RHE is indicated in gray.

200, 250 mV's™1); holding at 1.07V for 120
before each applied scan rate

Since obtained data is measured as E, Vs.
Ag/AgCl, all values have to be corrected to the RHE
scale. Furthermore, the potential is adjusted to the
IR,; drop from the electrolyte with the equation

Epyrp = Egg + Ejy — I Rq) 4.2)
where Epy is the potential on the RHE scale, Exg
the potential of the reference electrode (Ag/AgCl
or Hg/HgO), E,, and I, are the measured potential
and current, and the resistance of the electrolyte is
R.. The reference potential is determined via mea-
surement (1) as described above. The resistance
of the electrolyte is determined via electrochemi-
cal impedance spectroscopy (EIS). The impedance
value at a frequency of 10 x 1073 Hz—determined
with measurement (3)—is considered R,,. The over-
potential 1) was calculated using

n - ERHE - 1.23V (4.3)

with 1.23V being the theoretically needed voltage
to split water. Current densities were calculated

using the geometric surface areas, recalling that all
substrates but nickel foil were polished to mirror fin-
ish. Chronoamperometry (CA) steps are performed
with respect to the nickel oxidation wave, where
Nil is oxidized to Ni'l. To approximate the electro-
chemical double layer capacitance (EDLC) of the
catalysts, cyclic voltammograms (CV) in a poten-
tial range of 1.02 to 1.12V vs. RHE are recorded

for scan rates of 10 to 250 mV s~

. Linear sweep
voltammetry (LSV) is used to characterize the activ-
ity of the catalyst regarding its kinetic parameters,
such as 7 and Tafel slopes.

MnO,: Manganese oxide catalysts have also been
characterized electrochemically similar to NiO,. EC
was performed in 0.1 M KOH using Ag/AgCl and
Hg/HgO as RE. Due to the different main interests
in the performance, the measurement sequence has
been changed towards EC(I) and is composited of

following measurement steps:

(1
(2)
(3
4
()

OCP (600s) of Ag/AgCl vs. RHE
OCP (3005) of the sample

EIS at OCP (1 MHz to 5Hz)

EIS at 1.1V vs. RHE (1 MHz to 5Hz)

CV at 1.2 to 1.7V vs. RHE (20 cycles) with
5mVs!

(6) LSV at 1.0 to 1.9V vs. RHE with 10mVs™!

(7) CVat1.02 to 1.12V vs. RHE (10 cycles) for
different scan rates (10, 20, 50, 100, 150,
200, 250 mVs™1); holding at 1.07V for 120

before each applied scan rate

(8) CA for 1800s at 0.8V vs. RHE

(9) CV at 1.2 to 1.7V vs. RHE (20 cycles) with

5mVs !

(10) LSV at 1.0 to 1.9V vs. RHE with 10 mVs™!

To fulfil the requirements of the manganese BMBF
project and to guarantee observation of the sput-
tered layers without altering the surface species,

another shorter program EC(II) has been conducted

22



for EC and current-voltage curves were measured
vs. Hg/HgO.

(1) OCP (600s) of Hg/HgO vs. RHE

(2) OCP (3005s) of the sample

(3) EIS at OCP (1 MHz to 0.1 Hz)

(4) CV at 1.0 to 1.9V vs. RHE (5 cycles) with
50mVs?

(5) CV at 1.0 to 1.5V vs. RHE (50 cycles) with
100 mvs™t

(6) CV at 1.0 to 1.9V vs. RHE(5 cycles) with
50mVs!

(7) CV at 1.0 to 1.9V vs. RHE (2 cycles) with

10mVs™!

The reference potential is determined via mea-
surement (1), R, is determined with EIS (3), by
identifying Z., at Zip,, = 0 (see section 7.2 for
detailed procedure). In EC(I), CV between 1.2 to
1.7V vs. RHE has been conducted to activate the
catalytic surface, while CV at 1.02 to 1.12V vs. RHE
was performed to investigate the EDLC of the sam-
ples. The activity is determined with LSV at 1.0 to
1.9V vs. RHE. CA at 0.8V vs. RHE has been done
to reduce the surface species.

CV between 1.0 to 1.5V vs. RHE in EC(I)
has been conducted to condition the catalyst in
a range without O, evolution and to observe possi-
ble changes of the redox processes. Different scan
rates of the catalyst are applied to investigate sur-
face processes attributed to redox changes during
OER. Activity investigation is done via CV.

4.7 Raman Spectroscopy

As a substrate for SERS to monitor surface processes
of thin films, Au or Ag is usually used. The substrate
must not reveal Raman active bands overlapping
with the compound to be investigated. An important
parameter regarding the substrate is the excitation

laser wavelength used in the experiment. It has

been reported before that Au shows broad fluores-
cence overlapping with most important signals of
the film at a wavelength of 532 nm.

First, Raman spectra were recorded using a
confocal Raman microscope (alpha300 R; WITec
GmbH, Ulm, Germany). For excitation, the sys-
tem is equipped with a SHD Nd:YAG laser (532 nm,
22.5mW) and a lens-based spectrometer with a
CCD camera (1024 x 128 pixel, Peltier cooled to
—65°C). A long-pass edge filter was used to reject
the shorter wave lengths as well as the elastically
scattered photons (Rayleigh scattering and reflex-
ion). A 50x microscope objective (working distance
2.0 mm, NA 1.0) has been used.

As a second instrument, Raman spectra were
recorded using a Horiba HR800 micro-Raman spec-
trometer (Horiba Jobin Yvon, Bensheim, Germany)
equipped with an HeNe laser ( A = 632.8 nm). The
plasma emission was filtered with an interference
filter and a Raman notch filter has been used for
laser light rejection. The measurements were per-
formed with a grating of 600 gmm™' and a 50x
microscope (NA 0.55), resulting in a spot diameter
of T =1.22 x (A/NA) = 1.4um, as well as a 100x
microscope (NA 0.8), corresponding to a beam di-
ameter of 0.96 um. The laser power was attenuated
using neutral density (ND) filter.

Operando Raman Spectroscopy

The used in situ cell (TSC Raman cell, rhd instru-
ments GmbH & Co.
played in figure 4.7. The cell basically consists

KG) and its parts are dis-

of a polyether ether ketone (PEEK) housing and
cap, and an optical quartz window, made of syn-
thetic SiO,. A refillable microreference Ag/AgCl
electrode allows for a three-electrode arrangement,
a gold-plated ring electrode serves as CE. As WE,
desired sample is placed on a cylindric copper elec-
trode encased in PEEK.

A view of all cell parts is found in figure 4.7b,
as well as a detailed instruction of the mounting
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Figure 4.7: TSC Raman cell by rhd instruments; (a) pho-
tography and (b) exploded view of the cell (picture taken
from rhd instruments application note). A detailed de-
scription of the cell and its parts is found in the text and
in the assembly instruction in box 4.3.
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procedure in box 4.3. The rook-like PEEK chess
figure contains the copper electrode, the WE, and
the gold-plated spring to connect the bottom gold-
plated platform with the sample and is further sur-
rounded by the gold-plated CE ring. A PEEK ring
prevents the CE from short-circuiting by touching
the bottom platform. The main body features the
RE, a gold-plated pin to connect the CE with the
potentiostat, and access for the injection. All sealing
parts are represented by thick black lines in figure
4.7b.

Choosing the Raman parameters

The spectral resolution of a Raman spectrum de-
pends on several factors, of which some are user
controlled by optimizing certain parameters that
will be discussed shortly, all with respect to own
observations as well as available literature, for in-
stance ref [99]:

* excitation wavelength: three different excita-
tion wavelengths can be selected in the sys-
tem, including a blue Co (488 nm), a green Ar
(514.5nm), and a red HeNe (632.8 nm) laser.
To reduce fluorescence in the SER spectra, the
highest possible wavelength of 632.8 nm is
chosen. With higher excitation wavelength,
the spectral resolution decreases, since the Ra-

man shift is an energy related unit, making a

lower grating more important to reduce the

illumination time as much as possible.

* excitation power: with the Raman signal be-
ing proportional to the excitation power, most
of the time the power is chosen as high as
possible without thermal degradation of the
sample. To prevent thermal reduction of the
TMO, the power is adjusted from low to high,
until a sufficient signal is achieved.

* objective: the highest NA objective is chosen
that still can be applied to experiment with
respect to the measurement conditions. Dry
samples are inspected with a 100x objective
which is not possible for samples mounted
in the operando cell. The SiO, glass hinders
the objective from focusing on the surface,
because the objective-sample distance is too
high. As a result, the 50x objective is used for
operando Raman spectroscopy.

e grating: the system is equipped with a
600 gmm™?, and a finer 1800 gmm™" grating.
As a rule of thumb, a higher grating results in
higher resolution. However, a higher groove
density grating gives a less intense spectrum,
requiring longer acquisition time for an equal
intensity. To minimize fluorescence in SERS,
the acquisition time is kept as short as pos-
sible, making the low resolution diffraction

grating the better option.

» confocal hole: the size of the entrance spec-
trometer confocal hole regulates the amount
of light passing through the system on the
sample, influencing the spatial resolution. Be-
cause of the low illumination time, high con-
focal pinholes of up to 950 ym in combination
with low slit sizes for optimal spectral resolu-

tion are used for low scattering samples.

NiO,: Raman spectra were acquired with a red
laser (632.8 nm), by attenuating the power with ND
filters (D 0.6) to ca. 0.48 mW. The pinhole was set
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to 200 and the slit size to 100 um in combination
with a 50 x LWD objective, choosing a 600 gmm™*
grating. The sample was illuminated for 3 s/scan,
accumulating 20 scans each measurement.

MnO,: Spectra were taken with A = 632.8 nm,
using a 600 gmm™! grating, setting the pinhole to
950 um and the slit size to 50 ym. MnO was mea-
sured with a D 0.6 filter (ca. 0.48 mW), accumu-
lating 20 scans for 3s each. At applied current,
the illumination time was increased to 5s. MnO,
and Mn,O5 are reported to be easily thermally re-
duced during irradiation with laser light [86, 87].
These structural changes are avoided by using lower
laser power, long wavelengths, larger spot sizes, and
shorter exposure times [87]. Therefore, spectra—
especially of dry samples—are acquired witha D 1
filter (0.2 mW) for MnO,, (dry and operando), and
with a D 2 filter (0.1 mW) for Mn,O3, changing to a
D 0.6 filter for in situ measurements. The aquisition
time was set to 3 s for 20 accumulations. Gao et al.
[87] observed no structural changes of their MnO,,
using a 632.8 nm He-Ne laser at a power of 1 mW
for 30 to 60 s of acquisition time.

Comparison of the Raman systems

As stated above, two different Raman laser systems
have been used during this thesis. High background
fluorescence and low intensity signal were observed
using the 532 nm Nd:YAG laser, resulting in a sys-
tem change towards a microscope equipped with a
632.8 nm excitation source.

Figure 4.8a displays wide range Raman spectra of
as deposited NiO, on surface enhanced Au, giving
rise to a high fluorescent background (BG) signal
at a laser wavelength of 532nm. In contrast, the
overall signal at 632.8 nm is of lower intensity, but
allows recognition of molecular vibrational modes
over the BG noise. Both spectra were recorded for
an illumination time of 5 s/spectrum, accumulating
30 spectra. The green laser was set to 1 mW, the
red laser was attenuated to ca. 0.94mW (DO0.3).
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Figure 4.8: SER spectra of NiORE, acquired with a green

Nd:YAG laser (olive), and a red He-Ne laser (wine) to
address the problem of fluorescence.

Figure 4.8b gives an even better impression of this
problem, comparing the same NiO, sample under
working condition at 1.0 and 1.6V vs. RHE.

The green laser spectrum at 1.0V vs. RHE has
a high noise and does not allow observation of
Ni—O/Ni—OH lattice vibrations in contrast to the
red laser spectrum that shows several signals that
are attributed to molecular vibrational signals. At
1.6V vs. RHE, two low intensity peaks arise in the
532 nm spectrum, but their signal is vanishing com-
pared to the high intensity double band at 632.8 nm.
There is also a broad signal visible between 900—
1200 cm™! that is not discriminated between noise

and signal at 532 nm excitation.
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Compared to MnO,, the signals of NiO, are seen visible due to the high amount of fluorescence at
as relatively easy to distinguish in Raman spec- 532nm, the system with higher wavelength is cho-
troscopy, also regarding the chemical change at sen for the rest of this thesis.
rising potentials. Since the bands in NiO, are not
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e
Box 4.3: Assembling an filling of TSC Raman measurement cell

This short explanation deals with the correct assembling and filling procedure of the TSC Raman
cell used for in situ spectroscopy:

* calibrate the Ag/AgCl micro RE vs. RHE during the mounting procedure

* lay down the PEEK body of the cell and check if two o-rings on top and two inside seal the

cell

* insert the gold-plated ring electrode from above and evenly push down gently over the two
inner o-rings

* insert the chess-figure like PEEK cylinder from above and push down until flush with the top
of the casing

* insert the cylindric copper WE from above and follow with your sample, until flush with the
top of the casing

* place the round glass plate on top and screw the gear wheel shaped lid onto the casing
 turn the cell around: place the insulating small PEEK ring onto the gold-plated ring electrode

* insert the gold-plated spring and follow with the gold-plated thermoblock, fix it with three
screws (use the thinner part of the screwdriver and use light force)

* fill the syringe with ca. 2 ml of the desired electrolyte, turn the cell to the side to let one hole
be the highest point of the cell and inject the electrolyte through the other hole (use the PEEK
pin with a lateral hole as a help)

* when the cell is filled up, screw the RE in one hole and the sealing PEEK pin in the other hole
to finish the assembly

e turn the cell around again, screw the gold plated contact pin laterally in the lower hole of the
casing to contact with the ring electrode

The complete assembled cell now should look like in figure 4.7. Note that the sample touches the
glass plate on top and that the electrolyte only forms a thin film due to capillary forces.
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5 Electrochemical Etching of Au Substrates for SERS

Surface enhancement is an important and powerful tool for the investigation of thin films and kinetic surface
processes. The results of the roughening process and the process itself are discussed with the help of XPS
to verify the purity of gold after etching, EC to calculate the electrochemical surface area, AFM to study
the average induced roughness due to surface enhancement, and UV-vis spectroscopy to find the optimal
wavelength for laser excitation. Raman spectroscopy is applied on dry Au and in situ to investigate possible

disturbances in the spectrum for further investigations.

5.1 Theoretical Background of Surface

Enhancement

The Au blanks have been treated with an etching
process to enhance the Raman signal. There are
different models on the reason for signal amplifica-
tion due to increased surface roughness [100, 101,
102]:

* Electromagnetic Enhancement (EM) Mecha-
nism: Laser excited plasmon resonances of
the metal produce amplification of the elec-
tromagnetic local field few nanometres above
the surface.

* Charge Transfer (CT) Mechanism: Resonance
effect due to the metal-adsorbate interaction;
arises from electronic coupling.

Both contribute to the Raman signal while the ex-
tent of contribution is basically system dependent. A
roughened surface increases the inelastic scattering
of light due to the structured metal system [102].

SE in this work has been achieved during an
electrochemical roughening process described in
literature in ref [72] and in box 5.1. Prior to the
electrochemical treatment, the substrates were me-
chanically polished in a figure-eight motion with
Alumina MicroPolish (Buehler) of 1.00 and 0.05 ym
to mirror finish on a cloth polishing pad (Buehler)
[103]. After the etching, the substrates should re-
veal a brownish colour and a rough appearance, as
it can be seen in the photography in figure 5.1.

Figure 5.1: Photography of gold substrates. Polished and
etched with 0.1 M KCl on the left, polished to mirror finish
(0.05 um) on the right side.

Determination of the Roughness Factor and

the Electrochemical Surface Area of Gold

Different methods can be used to determine the
electrochemical surface area (ECSA) of a catalyst.
The method has to be applied with respect to the
material. In the process of SE of Au, the rough-
ness of the sample is increased which is shown by
calculating the roughness factor (Rf) based on the
formula

ECSA
Rf =

= 5.1
Geometrical Area 5.1)

The ECSA of the Au blanks is calculated by using
the charge Q associated with the reduction of gold
oxide. The area of the reduction peak in CV, which
is proportional to the real active surface area, was
integrated [104, 105, 106, 107]. Q is determined
by CV in a potential range of O to 1.75V vs. RHE
with a scan rate of 50mVs~! [72]. The charge and
the ECSA are then calculated:
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Box 5.1: Surface enhancement process

Herein, the surface enhancement process of
Au substrates is reported, reaching an over-
all elevated roughness of ca. 44nm along
with homogeneously distributed islands with
a diameter of ca. 400 nm.

* prepare the etching solution: mix 29
parts of millipore H,O with 1 part 3M
KCl to receive 0.1 M KCl

* polish the Au blanks with 1.00 and
0.05pym aluminium polish on a cloth
polishing pad in a figure-eight motion;
clean with millipore H,O in between
polishing steps in an ultrasonic bath

e clean in an ultrasonic bath for 5 min,
dry under N, afterwards

¢ anneal in a butane flame for 1 min

* mount in a Zahner cell and fill the
cell with 0.1 M KCl, calculate potential
steps of the ORC for the RE

* perform 25 ORC from —0.3 to 1.2V vs.
SCE, hold —0.3V vs. SCE for 30s and
1.2V vs. SCE for 1.3s

_ Area (reduction peak)

(5.2)
Scan rate
ECSA = Lz (5.3)
390uCcm™

The numerical value of 390 uC cm™ has been sug-
gested for polycrystalline Au in literature [107].

5.2 Investigation of the Surface Enhancement

Process

For further discussion, a polished gold plate has
been used as a reference and will be referred to

as Aup, while the gold substrate that underwent

the electrochemical etching procedure will be writ-
ten as Au,,. Both samples were investigated with
the help of XPS, EC, AFM, UV-vis, and Raman spec-
troscopy.

X-Ray Photoelectron Spectroscopy

After the etching process, the pureness of gold has
been validated in a XP survey spectra (figure 5.2).
Compared to Au,,, all peaks visible can still be
assigned to gold and carbon.

—— polished
etched
g 4f7/2\ L\_J
_Bs 4d,,
% 4d,, /
2 4Py, y
E 4s 4p1/2 \ 4f5/2
NNV C1s
5
/ 7
l A l A l A l A l A l A
1200 1000 800 600 400 200 0

Binding energy (eV)

Figure 5.2: Survey spectra (XPS) of polished (black) and
etched (red) Au. From left to right following gold peaks
are identified: Auger peak (NNV) at ca. 1247 eV, 4s core
level peak at ca. 763 eV, 4p core level peaks at ca. 643
and 547 eV, 4d core level peak at aca. 353 eV and 335eV,
4f core level peak at ca. 88¢eV and 84 eV, and 5p core
level peak at ca. 74eV and 57 eV. Traces of carbon are
detected as carbon core level peak C 1s at ca. 285eV
[108].

Electrochemistry

EC methods in 0.1 M KOH, uwsing Ag/AgCl as RE,
have been used to characterize and compare the
substrates and the changes induced with the etch-
ing process. For a first comparison regarding the
increased surface area, LSV was performed as dis-
played in figure 5.3a.

A o-ring with a diameter of 7 mm was used, cre-
ating a geometrical surface area of ca. 0.385 cm 2.

While Au,, only reaches a current density j of
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Figure 5.3: Linear sweeps of polished (black) and etched
(red) Au in 0.1 M KOH depicted vs. the geometrical area
of the sample (a); reduction cycle of Aug, and Augich,
performed with a scan rate of 50mVs™! (b).

2.8mAcm 2 at 1.8V vs. RHE, the current density
of Au,,, is around 6.5 times higher (18.3 mA cm™2)
at the same potential, indicating a magnification of

the exposed area.

ECSA: To approach the electrochemical surface
area (ECSA), CV has been performed with a scan
rate of 50mVs~!.

peak area of gold oxide was determined, which is

For calculation, the reduction

possible due to the observation that hydrous gold
oxide species form at a potential above 1.6V vs.
RHE and are reduced at a potential of ca. 0.8V vs.
RHE [96].

In figure 5.3b the results of the reduction path in
CV are displayed. The peak between 1.0 to 1.2V
vs. RHE is assigned to a monolayer oxide and is not
taken into account [96]. The values for the peak
areas were obtained by peak integration, using a
linear spline. The relevant parameters used for the
calculation towards the ECSA are listed in table 5.1.

Table 5.1: ECSA calculation of gold, including the peak

Area A, and the charge Q. A scan rate of 50 mV s!,a

polycrystalline gold factor of 0.390mCcm™2, and a geo-
metrical area of 0.385 cm? were used.
A Q ECSA
peak
Sample (vA) mC) (em®
Aupg) 0.04 0.74 1.89 4.90
Augon 0.07 1.33 3.40 8.83

The peak area of Au, is 0.03 mVA higher than
for Auy,, resulting in a calculated ECSA of Aug,
with 3.4 cm?, being therefore 1.5 cm? higher than
the ECSA of Au,g (1.9 cm?).

Atomic Force Microscopy

To investigate the surface roughness induced by
the etching process, AFM was used. AFM surface
studies were carried out using a Cypher S scanning
probe microscope (Oxford Instruments, Asylum Re-
search). Topography maps were acquired in the
amplitude modulated mode using the aluminum
coated cantilever Multi75Al-G (Budget Sensors).
The lever sensitivity was ¢ = 106.5nmV~! and

the force constant k = 4.6 Nm™!.

The cantilever
was excited with a laser to tap at a frequency of
f =77.6kHz. Pictures were acquired with a scan

rate of 12.5nms™!.

For analysis of the received
topography results, the data processing software
Gwyddion was used.

On both samples, Aup, and Aug,, three images
on random locations were recorded, displayed in
figure 5.4. An area of 100 um? is projected, where
one pixel in the image represents 40 nm. The result-

ing numerical values of the AFM studies regarding
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Figure 5.4: AFM images of the polished Au substrate (a—c), and the in an etching process with KCl surface enhanced
Au blank (d-f). On the right side of each image, the colour scale regarding the depth of the substrate is depicted.

Table 5.2: AFM surface investigation of Au, polished to 0.05um (Au, ) and etched with 0.1 M KCl (Aug,). The
average roughness R, is calculated as root mean square (RMS) from the three Rgys values obtained in each
measurement (Rgps for each picture in figure 5.4 is calculated by the software Gwyddion). The numbers 1 to 3
indicate the three random images taken on the surface; they correspond to (a-c) in figure 5.4 for Au,, and to (d-f)

for Augtch-

Rpyms (nm) Rppin (nm) Rppax (nm)
Sample R, (nm) — 2 3 2 3 1 2 3
Aty 1053 11.75 1223 6.86 —77.5 —48.10 —55.36 36.5 48.71 22.86
Aty —~ 43.82  40.89 46.11 4429 —159.3 —252.7 —163.4 368.9 315.7 220.6

the roughness investigation are tabulated in table
5.2.

The AFM images of Au,,, (figure 5.4a-c) show an
inhomogeneous surface with scratches in a range
of 48 to 78 nm in depth due to previous polishing
process with aluminium paste. Since the polishing is
done manually, the direction of the scratches is not
uniform, and further giving rise to dark spots visible
in the images corresponding to deeper structures,
indicating a non-perfect abrasion. The surface is in
general less uniform towards the bulk material. The
sample has been used in an etching and deposition
process before, so the dark spots are seen as deep
pits in the Au bulk, that are not completely removed
in the re-polishing process.

After the etching with 0.1 M KCI, the AFM images
of Au, have a more structured appearance. Light
islands indicate a more homogeneously distributed
surface roughness, resulting in high contrast in the
coloured image due to the distance of island and
residual surface structure regarding the z-axis. The
approximated diameter of these islands are in a
range of 350 to 450 nm.

The RMS roughness as well as the minima and
maxima values are taken directly from the software
Gwyddion. The average roughness R, then is calcu-
lated as quadratic mean from the RMS roughness of
each image. The R, of Aup, (10.5nm) can be mul-
tiplied by a factor of 4.2 towards Aue, (43.8nm)
with used KCl etching process.
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UV-vis spectroscopy

In order to obtain the wavelength for most effec-
tive SER scattering, the substrate is excited at its
localized surface plasmon resonance peak (LSPR)
which can be estimated at the absorption peak in
an UV-vis measurement [109, 102]. To determine
the LSRP of etched Au substrates, UV-vis reflectance
spectroscopy was performed using a Lambda 900
UV/Vis/NIR spectrometer (Perkins-Elmer GmbH,
Germany). Due to the nanostructure of the sur-
face, light is scattered diffusively. This makes it
hard to estimate the real absorbance of the sample.
Therefore, the normalized reflectance is plotted in
figure 5.5.
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Figure 5.5: UV-vis reflectance spectrum (normalized) of
polished (black) and etched (red) Au at a 6° angle as well
as etched Au at a 12° angle (magenta), revealing low
reflectance below ~ 500 nm. The spectrum is displayed
from 400 to 1000 nm wavelength.

All substrates show very low reflectance below a
wavelength (1) ~ 500 nm where the main LSRP of
Au is suspected [110, 111]. Another absorbance fea-
ture is detected at around 600 nm that is less promi-
nent for Aug,, measured at 6°. The absorbance A of
Au,,, is approximately estimated as A= 1—R (trans-
mittance T is neglected for the solid gold coins),
where R is the reflectance, whereas Au,,, reveals

diffusive scattering of the incident light due to the
structured surface. This diffusive scattering is angle
dependant as depicted in figure 5.5. The angle be-
tween light source and detector has been changed
from 12 to 18° resulting in higher reflectance of the
sample, especially for wavelengths below ~ 700 nm.
During Raman spectroscopy measurements, the an-
gle between lens and substrate can be considered
0° which seems to be suitable for the LSRP

UV-vis spectroscopy has been used to study the
properties of Au nanoparticles (AuNP) depending
on their size and shape [112]. Haiss et al. studied
AuNP sized 1.5 to 100 nm and revealed a red shift
of the LSRP for bigger particles from A = 525 to
585 nm, growing exponentially above a AuNP di-
ameter of 25 nm [110]. Further, the growth in the
intensity of the LSRP has been reported for AuNP
up to 10.5nm [113].

Based on the UV-vis data, a laser wavelength near-
est to 500 nm is suggested. During experiments
with a laser wavelength of 532 nm, very high flu-
orescence was detected on the spectrum with a
signal higher than the molecule vibrations. Laser
wavelength of 632.8 nm, the nearest to the second
reflectance minimum in figure 5.5, gave a lot bet-
ter results towards the fluorescence, as it would be
expected based on the diameter of the Au particles
(~ 400 nm, see figure 5.4). The low reflectance
at lower wavelengths is suspected to occur mostly
because of diffuse scattering of light, not due to

absorbance of the Au substrate.

(Operando) Raman spectroscopy

All Raman spectra were acquired at a laser wave-
length of 632.8 nm with an illumination time of 3 s
for 20 scans. The ex situ spectra were recorded with
a ND filter of D 0.6 while the operando spectra re-
quired a higher laser power, adjusted with ND filter
of D0.3.

The results of dry Aup, and Aug, are compared
in figure 5.6 a. Au,,, under irradiation exhibits no
peak due to the unoriented structure. Aug;, shows
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Figure 5.6: SER spectra of Au,, (black) and Aug, (red), excited with a laser wavelength of 633 nm (a); operando

spectra with visible formation of Au—0 and vanishing of D and G bands of adsorbed carbon.

higher intensity for the same laser power and il-
lumination time as well as a stronger BG signal.
The SER spectrum might be misleading, since it
also enhances spectral artefacts that may not be
molecular vibrations, so peaks have to be assigned
more carefully. However, the intensity of these arte-
facts is quite low compared to the real signal that
is achieved by a film deposited on Au,y,. The over-
lapping broad bands between 1200 to 1400 cm ™!
are assigned to adsorbed carbon [114]. The peak at
633 cm ™! is associated with a weak Au—O stretch-
ing mode, originating from adsorbed oxygen, as it
ia similarly found on roughened silver electrodes
[115, 116].

Raman spectroscopy has been conducted operando
with Aug, as WE in 0.1 M KOH in a potential range
of 1.0 to 1.7V vs. RHE. The SER spectra were
recorded in 0.1V steps and are stacked in figure
?? to reveal the change of the surface species dur-
ing OER. At O to 1.0V vs. RHE the substrate has
a Raman signal similar to the dry sample in figure
5.6b with Raman bands at 1347 and 1538 cm™*
corresponding to the D and G band of (adsorbed)
carbon [117]. Until 1.3V vs. RHE these features

blue-shift towards 1388 and 1590cm™, and are
not detectable in the spectrum at 1.4V vs. RHE
anymore.

At the same potential, the peak attributed to
the Au—O stretching mode (v(Au—0)) at 574 cm™*
is observed [118, 73]. This vibrational mode
has been found at 580 cm™ for a Au—O bond by
high-resolution electron energy loss spectroscopy
(HREELS) [119]. According to the Pourbaix dia-
gram of Au, above 1.0V vs. RHE and for a pH value
of 12.88 for 0.1 M KOH, Au(OH)5 should be formed
which was found at 635 to 677 cm ™! in literature,
or as an Au—OH stretching mode at ca. 425cm™!
[120, 118, 121]. This feature is not clearly detected
during the OER of Au in this work. In literature, a
peak at 815-830cm™! has been attributed to the
v(0O—0) vibration in Au—OOH [118, 115]. Since
this band is known to be weak in 0.1 M KOH and oc-
cur more prominent in acids, it is not detected here
compared to the weak intensity signal of v(Au—0).
An improvement regarding the spectrum was not
achieved with higher laser power or longer irradia-
tion time.
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6 Investigation of Nickel Oxide

In this chapter, reactively magnetron sputtered NiO, is investigated, deposited on different substrates at
temperatures of RT to 600 °C. The goal was to gain insght into the substrate and temperature dependence of
NiO, as electrocatalyst towards the OER. The chemical composition is investigated by in line XPS, revealing
deficient NiO, species,vanishing at higher temperature depositions. In EC, these deficient structures seem to
support the catalytic activity of NiO,. by the means of overpotentials and charge storage ability, as investigated
by capacitance measurements. XPS of the cycled samples exhibits higher conversion of NiO to Ni(OH), during
cycling in 0.1 M KOH for defect-containing NiO,. Operando Raman spectroscopy is used to investigate the

surface species and intermediates of NiO, in alkaline environment to understand the difference in catalytic

activity due to the defect-free structure of high temperature deposited NiO,.

6.1 Photoelectron Spectroscopy of NiO,

To determine the chemical composition of NiO, in
regard to the deposition temperature T 4p, XP spec-
tra were recorded on Auy, in line after the sputter-
ing process. The survey spectra of these measure-
ments are displayed in figure 6.1.

All peaks in the survey are assigned to either
nickel, oxygen, or gold. Compared to the Au spec-
trum in figure 5.2, the most prominent gold core
level peak Au 4f has low intensity, but is still visible
under the NiO, layer along with a weak gold core
level peak Au 4d.

Most information regarding the composition of
NiOy is found in the nickel core level peak Ni 2p;,5
and oxygen core level peak O 1s. Detail spectra of
these regions were recorded and are displayed in
figure 6.2. All spectra were corrected with a Shirley
background (BG) before fitting.

O 1s: The O 1s region was fitted with Gaussian-
Lorentzian (GL) curves. For NiOfg (figure 6.2b),
three components are assigned. One for oxygen
induced defects or vacancies (Oy;) and two for o*
lattice oxygen bound to NiO, (O;-Ni/0O,-Nih).
The NiO, components are associated with ca. 63 %
NiO (Ni') at 529.2 eV (lit.: 529.4 to 529.9 eV) and
ca. 15% Niy053 (Ni') at 530.7eV (lit.: 530.9 to
531.7 eV), respectively [123, 124]. The need for a
third peak to describe the O 1s region of NiO, has

been reported before [125]. The oxygen found in
this region at 532.0 eV has been attributed to de-
ficient, interstitial, and peroxo-like species (531.1
to 531.9 eV) with a concentration of ca. 22% [125,
126, 127]. The overlap with O;-Ni'' makes this
region difficult to fully understand. The higher
FWHM of O,-Ni of 1.6eV in contrast to 1.1eV
for O; -Ni"" has been reported and is associated with
oxygen-rich nickel oxide species [124].

For Niog?lo (figure 6.2d) only two components
are necessary to describe the O 1s region. These are
associated with ca. 94% O,-Ni' at 529.4eV and
small amounts of ca. 6% O;-Ni'!l at 531.6 eV, This

I put also

peak is not only associated with O;—Ni
with small amounts of Oy, due to the peak shift to
higher Egg, and in accordance to the defect free Ni

2p3,, region in figure 6.2c.

Ni 2p3/,: The difficult to analyse Ni 2p region
was fitted with a line shape derived by single crys-
talline NiO [122]. Since for a GL peak fit of the Ni
2p3,, region, a total amount of six to seven peaks
are necessary [128], to which the oxidation state
of Ni can not clearly be assigned, the envelope of
Uhlenbrock et al. [122] is used for deconvolution.
A perfect NiO surface exhibits a characteristic low
binding energy peak (LBEP) in the region of 853.4
to 854.4 eV} but also reveals a shoulder at 855.6 eV
in the high binding energy peak (HBEP) which over-
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Figure 6.1: Survey of NiO, deposited at RT and 600 °C. From left to right following peaks can be identified: nickel
core level peak Ni 2s at ca. 1009 eV, oxygen Auger peaks O KLL at ca. 1013, 999, and 978 eV, nickel core level Ni 2p
peak at ca. 870 and 853 eV, nickel Auger peaks Ni LMM at ca. 778, 772, and 712 eV, oxygen core level peak O 1s at
ca. 531 eV, gold core level peaks Au 4d at ca. 353 and 335 eV, nickel core level peak Ni 3s at ca. 111 eV, gold core level
peaks Au 4f at ca. 88 and 84 eV, and nickel core level peak Ni 3p at ca. 67 eV [108].

laps with the region of Ni(OH), and Ni(CO); at
855.1 to 855.6eV [124, 125].

Comparing the Ni 2p;,, region of NiO}g and
NiOg?lo, the line fit derived from single crystalline
NiO fits perfectly for Niog?lo, while NiO}g exhibits
a second region which was also fitted creating a
line shape attributed to deficient species, mainly
Nilll

the Ni'! species. Since this peak is more intense

The HBEP is suspected to contain most of

in NiO}Zﬁ, this observation is in accordance to the
higher O;-Ni! content in the O 1s region. The
deficient region is suspected to contain also Ni
induced vacancies, defects, and NiO, species ox-
idized other than Ni''/Nill (Niger). Based on the
XPS evaluation, NiO}g contains ca. 13 % defective

III

Ni species. Thus, not all Ni" is taken into account

by the Ni'"'/Ni ¢ region due to the visible O;—Ni'"
peak in the 600°C sample. The decrease of Ni
content in NiO, with increased T treatment has
been reported, along with higher oxidized NiO,
species as well as decrease of chemisorbed 0% /0y,

at temperatures above 400 °C [125, 129].

Substrate dependence: Although only NiO, on
Aup, has been discussed in this chapter, NiO, was
also investigated on other substrates relevant such
as SS/Au, Ni, and p* doped Si. The defect states

of NiO, were observed on all other materials which
is why they are not further discussed in this work.
Also the deposition on Au,y, has been investigated,
with no visible differences in the spectra. In fact,
the growth of NiO, seems to be independent of
the substrate. A special focus will always rely on
Au, since it is used for surface enhancement and

operando Raman spectroscopy.

Temperature dependence: To gain deeper knowl-
edge about how the different species in NiO, vary
with the deposition temperature T 4, reactive mag-
netron sputtered samples have been analysed with
XPS also for 200 and 400 °C.

Figure 6.3a and b show the XP detail spectra of
NiOy recorded in line on Auy,, for temperatures of
RT, 200, 400, and 600 °C. In figure 6.3a, the Ni 2p5 5
region is displayed and the previously discussed
characteristic line shape of NiO, is observed. The
LBEP of Ni 2p3,, has been attributed to oxidative

s111

Nil species, whereas the HBEP contains Ni'l as well

as Niger. With increasing T gep, the ratio of these
two peaks changes towards lower amounts of Ni'!
and Niger. This is peculiar observable in the O 1s
region, as it is tabulated in table 6.1.

This observation is consistent with the line fits

in figure 6.2a as it shows absence of deficient Ni
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Figure 6.2: Detail spectra (XPS) of NiO,, nickel core level peak Ni 2p3/, for NiOf:IJ (a) and Niozﬂo (c) and oxygen core
level peak O 1s for NiijIJ (b) and NiOi%O (d). Deposition at RT (a-b) and 600 °C (c-d) is investigated. The peaks were
corrected with a Shirley background. O 1s spectra are deconvoluted by Gaussian curves; Ni 2p3,, regions are fitted

with a single crystal NiO line shape [122].

Table 6.1: Deconvolution of the oxygen species in the O
1s region of NiO,.

Concentration (at-%)

Sample O;-Ni' O;-Ni'l 0Oy
NiOJl ~ 63.43  14.82 21.75
NiO3% 7856  12.82  8.63
NiogX 9218  7.01 0.1
NiO§% 9441  5.59 -

species at T 4., = 600 °C. The same trend is observ-
able in the O 1s region in figure 6.3b, where the
amount of O;-Ni'! and Oy, decreases with increas-

ing T gep-

6.2 Electrochemistry of NiO,

Current-voltage curves were measured with a scan
rate of 10mVs™!, using 0.1 M KOH as electrolyte
and Ag/AgCl as RE. The data was iR-corrected
by electrochemical impedance spectroscopy, as de-
scribed in section 4.6.

OER Activity

Linear sweeps (LS) of the samples are displayed
in figure 6.4 with a potential window relevant to
the OER. For data evaluation, the second of three
sweeps after 1 h of CA at 1.52V vs. RHE is taken
into account. The kinetic parameters are summa-
rized in table 6.2. For reasonable comparison, the
overpotential 1 has been determined at a current
density j = 10 mA cm 2.
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Figure 6.3: Detail spectra (XPS) of NiO, core level peaks Ni 2p3,, and O 1s, as deposited (a, b) and after EC (¢, d).
Deposition at RT, 200, 400, and 600 °C is investigated. The BE positions of the different surface species are indicated

by a gray dashed line.

The LS in figure 6.4a show a typical behaviour for
NiO,. All samples feature a cathodic current peak
at 1.41 to 1.48V vs. RHE corresponding to the oxi-
dation of Ni(OH), to NiOOH, involving the interca-
lation/deintercalation of protons followed by a cur-
rent due to O, evolution [130, 131]. For NiOgg ,,
and NiOE the oxidation wave is observed at lower
potentials E in contrast to all 600 °C samples. Fur-
ther, the oxidation waves of Niog?o, NiOSgSAu,
NiOg?lO reach currents lower around a factor of

and

10 compared to NiO}:‘E, indicating a lower rate of
conversion towards the NiOOH. Furthermore, the
current-potential response of the catalyst changes
from battery behaviour to capacity behaviour [131].
NiOllfﬁT reveals a broad oxidation wave directly merg-
ing into the area of O, evolution, suggesting slug-

gish kinetics even at low scan rates.

The activity comparison was conducted by com-
paring the overpotential n (n = Egyg —1.23V) at a
given current density of 10 mA cm™2. The baseline
sample NiogiT reveals 7) values of 400 mV, increasing
to 430 mV by changing the deposition temperature
T 4ep to 600°C. NiO, on Au has n values of 390
and 410 mV for RT and 600 °C. The n of Niogg/Au is
370 mV, rising to 400 mV at a deposition at 600 °C.
The Tafel slopes (figure 6.4b) are determined as
well, revealing similar values of 50, 42, and 46 mV
dec? for NiO, on Ni, SS/Au, and Au, decreasing at
T 4ep = 600°C to 37, 36, and 37 mVdec .

RT
SS/.

tive catalyst after deposition at RT (370 mV). NiOE{1
and NiOlli{ﬁT reach j = 10mAcm™2 at n values 20
and 30 mV higher. Comparing the activity at ele-

Og(S)SAu has a 10

Substrate dependence: NiOg ,  is the most ac-

vated T during the deposition, Ni
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Figure 6.4: Activity comparison of NiO, deposited at RT and 600 °C. NiO, was deposited and measured on Ni foil, Au

coated SS, and Au blanks. (a) Linear sweeps were recorded in 0.1 M KOH vs. Ag/AgCl with a scan rate of 10mVs™!

I

displayed from 1.0 to 1.7V vs. RHE. The black dashed line indicates the overpotential at 10 mA cm~2. The inset plot
shows the typical oxidation wave of NiO. (b) Tafel plots are displayed in a potential range of 1.48 to 1.62V vs. RHE;
the Tafel slopes are determined via a linear fit of the current-voltage curves at a logarithmic current density axis.

Table 6.2: Kinetic parameters towards the OER for NiO, on different substrates, magnetron-sputtered at varying
temperatures T. Results were obtained from current-voltage curves (LSV) with 10mVs~! in 0.1 M KOH. The received
overpotential 11 at 10 mA cm™2, the Tafel slope, and the anodic charge transfer coefficient a, are given.

Substrate T (°C) m at 10mAcm 2 (mV) Tafel slope (mVdec™) a,
C o RT 400+4 50+0.2 0.502
Ni foil
600 4302 37+0.4 0.684
RT 370+£1 42+0.2 0.519
S5/Au 600 400+4 360.1 0.695
Au RT 390+£1 461+0.4 0.539
600 41041 37+0.2 0.678

and 30 mV lower 1 than Niojfg and NiOEiT, respec-
tively. Therefore, an increase in the activity due to
lower 1) values is observed for NiO, that has been
deposited on Au or a gold-supported substrate such
as SS. The increase due to gold-support is associ-
ated with a charge transfer from Ni cations to highly
electronegative Au atoms [73, 132].

While NiogiT exhibits a referential Tafel slope
of 50mVdec™!, this is lowered by gold-support
to 46mVdec!, and further to 42mV dec™ by us-
ing gold-coated SS as a substrate. Corrigan [133]
investigated the Tafel slopes of electrodeposited hy-

drous nickel oxide electrodes in dependence of the
iron content in 5.5 M KOH, obtaining a Tafel slope
of 72mVdec™! for rigorously Fe free electrolyte.
1 M KOH was estimated to contain <0.66 ppm (ca.
0.0001 %) Fe by Klaus et al. [134], observing Tafel
slopes of 45 to 55mVdec™! in their unpurified
electrolyte for electrodeposited Ni(OH), electro-
catalysts. In contrast, Corrigan [133] reported a
Tafel slope of 70 mV dec™! for same impurity value.

Temperature dependence: All samples revealed
a lower 7 for the defect-containing depositions at

RT. The temperature dependence of a catalyst is
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evaluated based on the difference of 1 observed
after RT and 600 °C deposition on the same sample.
Due to this assumption, NiO, on Ni foil and gold-
coated SS have a similar temperature dependence
of 30 mV, that is slightly lowered to 20 mV by using
only Au as a substrate.

The Tafel slopes are lowered in defect-free NiO,
samples by 13, 12, and 9mV dec™! for NiO, on
Ni, SS/Au, and Au, to similar values of 36 to
37mVdec!. The catalytic activity of NiO, at higher
current densities is increased with a defect-free sur-
face. As a consequence, defects at the surface are
suspected to assist during the adsorption of hydrox-
ides and formation of intermediates such as oxyhy-
droxides at lower E. At increased E, however, their
positive influence on the activity is lowered, and is
even suspected to hinder desorption processes that
are needed to free catalytically active sites for fur-
ther OER. Studying the turnover frequency (TOF)
of NiO, with regard to the T 4, is helpful to further
investigate this phenomenon.

Activity over time: The activity over cyclation
time was studied, exemplified for Niojfg and Niog?lo.
As explained in section 4.6, CA was applied at 1.52V
vs. RHE, first for 900 s and later again for 3600 s
(4500 in total). LSV curves with 10 mVs~! were
recorded in a potential range of 1 to 2V vs. RHE
before, between, and after the CA steps.

The results are displayed in figure 6.5 with an in-
set plot revealing the typical Ni''/Ni™! oxidation
wave of Ni(OH),/NiOOH. For both NiO}! and
NiOg?lo a decrease in 7 is stated. While NiO}g
before CA reveals an overpotential of 500 mV at
j =10mAcm™?, it decreases to 430 mV (—70 mV)
after 900s and 390mV (—110mV) after 4500s.
Even though E = 1.52V vs. RHE is hold much
longer after the first CA step, n only decreases
40 mV more. Niog?lo does not reach j = 10 mA cm ™2
at an applied voltage of 2V vs. RHE, but exhibits
1 of 470 mV after 900 s CA, decreasing further to
410 mV.
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Figure 6.5: Activity comparison of NiOiL (solid lines) and
Niozﬂo (dashed lines). LSV curves were recorded in 0.1 M
KOH vs. Ag/AgCl with a scan rate of 10mV s~ in a poten-
tial range of 1 to 2V vs. RHE, before CA at 1.52V vs. RHE
(violet), after 900 s (pink), and after 4500 in total (light
magenta). The inset plot displays the typical oxidation
wave of NiO, between 1.30 to 1.55V vs. RHE.

The increase of activity over time is addressed
to the Ni'l/Ni'! oxidation visible in the inset plot
in figure 6.5, since it correlates directly with 1 at
j = 10mAcm 2. Over time, the oxidation wave
grows, revealing higher j and shifts towards lower

E, resulting in higher formation of Ni'!

species, that
are suspected to be active in the O, evolution. At
first, a major part of NiO, is converted to Ni(OH),,
resulting in a high 1 decrease with relatively low
CA time. Due to the lower drop of 7 later, bulk
material is suspected to be converted slower due to
diffusive hindrance of the needed hydroxide species

provided by the KOH electrolyte.

Resistance of NiO,

To address the varying activity of NiO, in regard to
T geps impedance spectroscopy (IS) measurements
have been carried out by Jieun Kim in the context
of an advanced research lab (ARL). NiO, was de-
posited on p*-Si and Au by sputtering according to
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the recipe described in section 4.4. The layer thick-
ness was determined to 4.6 and 9 nm for a 9 min
deposition at RT and 600 °C. IS measurements re-
vealed a growing resistance by increasing T 4¢, and
the layer thickness. However, on Au the resistance
was independent on these parameters, resulting in
0.50 to 1.1W for NiOR! and 0.55 to 0.60W for
NiO8%.

By applying IS measurements to the samples used
in this thesis, the influence of the electrical resis-
tance on the catalytic activity of NiO, on Au was
disproved. Therefore, the observed disparity in EC
must arise due to another reason.

6.3 Chemical Composition after EC

Another XP spectrum has been recorded for both
NiOfg and NiOg?lo after EC, from which the nickel
core level peak Ni 2p;,, and the oxygen core level
peak O 1s are depicted in figure 6.6.

Ni 2p: The Ni 2p;,, peak was deconvoluted with
the two known line shapes for single-crystalline
NiO and Ni'"/Ni4, as well as a new line shape for
Ni(OH),. In RT NiOy, ca. 76 % of NiO, species are
converted into Ni(OH), during cycling. Additionally,
only a small amount of Ni'l/Ni4.s of ca. 3 % is
present on the surface. In contrast, only 44 % of
NiO, in 600 °C NiO, is converted into Ni(OH),. The
conversion ratio of Ni'l plus deficient NiO,, species
to Ni(OH), is around three times higher at a T gep
of RT.

O 1s: Regarding the peak fitting of the O 1s re-
gion, several restrictions were made. The peak max-
imum for known components was kept at the same
Egg compared to the fit before EC with a tolerance
of £0.2 eV. The FWHM of the components was only
allowed to change +0.4eV. Four components are
found to be present on the surface of the RT sample.
Residual O? in Ni—O—Ni (OEC—NiHI) is located at
529.4 eV and oxygen induced defective species O\E/C
are located at 531.8 eV, Low amounts of O™ corre-
sponding to Ni,O3 are present at 530.9 eV, based
on which a conversion rate of 72 % is stated. The

main peak at 531.4eV is attributed to metal hy-
droxide Ni—O—H (OF°~H) species in Ni(OH),. In a
broad peak with a FWHM of 2.4 eV, residual oxygen
species O—C/H such as C-O and intercalated H,O
are summed up. It is further not distinguished be-
tween the C-O bondings, but due to the additional
peak and the shape in the core level region C 1s, C-
O, adsorbed C-C, and C=0 bondings are suspected.
The atomic concentration of the displayed samples
is found in table 6.3.

Table 6.3: Atomic concentration of oxygen species in
NiO, after EC.

Concentration (at-%)

Sample O;-Ni! O,-Ni" O,-H 0Oy O-C/H
NiORT 977 362 5716 1.56 27.88
Nio§%  34.86 - 5782 - 732

Owing the observation that NiO, species are con-
verted into Ni(OH), over cycling, defective species
seem to assist greatly in this process since the con-
Both
Ni'l/Ni'! and Ni4.f species are converted over time.

version rate is much higher for RT NiO,.

Oy give rise to the formation of Ni(OH), and react
with hydrogen to intercalate water in the surface
pores. The O; species are overall considered less
reactive, since not only less Ni(OH), but also lower
amounts of O-C/H are formed on a defect-free sur-
face. This is assisted due to the vanishing of Ni'

species in 600 °C NiO,.

Temperature dependence: In figure 6.3c and d,
NiO, on Au has been investigated for RT, 200, 400,
and 600 °C after EC again. A trend established in
previous deconvolution is visible. The ratio between
the NiO, region and the Ni(OH), in core level peak
Ni 2ps, shrinks at elevated T 4, due to the lower
NiO to Ni(OH), conversion. A similar behaviour is
observed in the O 1s region regarding the ratio of
OFC-Ni" and metal hydroxides O -H.
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Figure 6.6: Detail spectra (XPS) of NiO,, nickel core level peak Ni 2p3/, for NiijIJ (a) and Nioz‘a0 (c) and oxygen core

level peak O 1s for NiOf;IJ (b) and Nio,‘;%O (d) O 1s after EC. Both samples NiOfgJ and NiOi?J0 have been investigated.
The peaks were corrected with a Shirley BG and the spectra are deconvoluted by GL curves.

6.4 Capacitance of NiO,

The electrochemical double layer capacitance
(EDLC) has been evaluated in a region, where con-
version from Ni(OH), to NiOOH as a faradaic pro-
cess is avoided to guarantee capacity behaviour of
the catalyst [131]. The results of this approxima-
tion are depicted in figure 6.7 and an example of
the CV data is displayed in figure 6.7a, given for a
scan rate of 100mVs™! after 4500s of CA at 1.52V
vs. RHE. CV curves were measured in a potential
range of 1.02 to 1.12V vs. RHE with scan rates of
10 to 250 mVs™'.

For evaluation, the current I of the 5% cycle at
a potential of 1.07V vs. RHE is taken into account
and plotted against the corresponding scan rate (see
dashed line in figure 6.7a). The I values are fitted

linearly to determine the double layer capacitance
C 4 as the slope of the linear fit. Whereas the curves
in figure 6.7a are all relatively symmetric about the
zero point of the I axis (~ 0.004 mA), the absolute
current response is temperature dependent. For
instance, the curves of the 600 °C samples exhibit
low slopes over the potential range where in con-
trast the RT samples show increased I at E = 1.12V
vs. RHE of ~ 0.023 mA. An ideal capacitor would
reveal a potential-independent current [131].

In figure 6.7b the EDLC is measured directly after
performing three LS for surface conditioning. For
comparison of a change in Cy, CV curves were
again recorded after several LS and in total 4500 s
of CA at 1.52V vs. RHE. Cy4 for RT depositions
ranges from 117 to 174 uF and for 600 °C deposition
from 28 to 49 uFE The obtained Cy4 describes the

Version: December 19, 2018

41



0.04

NiO RT

Ni _—
SS/Au
Au

600 °C

0.03

0.02

— 0.01

— 0.00

-0.01

Current (mA

-0.02

-0.03

8| (a)

. [T WU N TR R R
0.04 1.02 1.04 1.06 1.08 1.10 1.12

Potential (V vs. RHE)

NiO RT

0.05

600 °C
173.6 pF

0.04

125.5pF
117.2 pF

49.5 uF
43.3pF

28.4 pF
(b)
300

M T N B |
100 150 200 250

Scan Rate (mV s™)

NIO 600 °C

160.0 pF

127.1 pF

L 94.5 uF

Current (m
o
o
I\J

48.5 pF
43.3 pF
371|.|F

(c)
300

0.01F

0.00

'100 50 200 0

Scan Rate (mV s™)

0 50

Figure 6.7: Electrochemical double layer capacitance
(EDLC) of NiO, on different substrates at deposition tem-
peratures of RT and 600 °C. (a) CV curves from 1.02 to
112V vs. RHE with 100 mVs™! in 0.1 M KOH, recorded
after 4500s CA at 1.52V vs. RHE. A value of 1.07 V vs.
RHE is indicated by a vertical dashed line. Analysis based
on CV curves at different scan rates (b) at the start of
electrochemical measurements and (c) after 4500s of CA
at 1.52V vs. RHE. The double layer capacitance Cy is
approximated with a linear fit in the oxidation region of
the CV curves given in yF.

capacitance with respect to the measured area of
~ 0.385cm?.
Cq is given as uF cm

For further evaluation, the specific
-2

The intrinsic Cg values at both temperatures are
given in table 6.4. At RT, gold-support of NiO,
—2, while the
use of gold-supported SS strongly enhances the
Cq by 132pFcem™2.
increase for both gold-support (+57 uF cm™2) and
SS/Au (+39 uF cm™2) is observed.

In earlier XPS investigation, the deficient nature
of NiO, at RT was observed (see figure 6.2). As a
more stoichiometric, single-crystalline like structure
has further been observed in XPS for T 4., = 600 °C,
this defect healing effect was also proven by Nam et
al. with EXAFS [135]. They further correlated the
pseudo-capacitance of NiOj to its deficient structure

lowers the Cy; slightly by —16 yF cm

For the 600°C samples, an

and reported a higher specific capacitance for defect
rich NiO, as it was discussed here. Even if the
mass of the catalyst has not been investigated in
this study, the difference in capacitance for RT and
600 °C is mostly correlated to the defects observed

in XPS.

Table 6.4: Intrinsic double layer capacitance Cy of NiO,
in uFcm™2 at the start of the EC procedure (Cy') and
after 4500 s of CA at 1.52V vs. RHE, for RT and 600 °C.

Intrinsic EDLC (uF cm™2)

RT 600°C
Sample Cdl(l) Cdl (2) Cdl(l) Cdl (2)
NiOy; 320 330 73 96
NiOgg/ny 452 416 112 112
NiO,, 304 247 130 127

The temperature and substrate trends stated be-
fore in the Cy; are still visible after 4500 s of CA at
1.52V vs. RHE (figure 6.7c). All values are listed in
table 6.4. An ideal approach is the evaluation of the
EDLC data as specific capacitance, as the mass of the
catalyst varys with T 4, due to the layer thickness.
However, it is noted that the capacity-temperature
dependence of NiO, has been investigated before

and a decrease in C4 has been associated with
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the amount of NiO and Ni(OH), of the material
[131]. Srinivasan and Weidner [131] proclaimed a
higher C; for less Ni(OH), containing NiO, due to
increased adsorption of hydroxyl ions, which is their
believed mechanism of charge storage. However, at
temperatures above 300 °C, the Cg4 decreases due
to a decrease in the Brunauer-Emmett-Teller (BET)
surface area and intrinsic capacitance.

As it is proven by XPS after EC, the conversion
rate of NiO/Ni(OH), differs with T g, resulting in
higher amounts of Ni(OH), for defect-rich struc-
tures after the same cycling time. The change
in C4 over time is therefore addressed to the
NiO/Ni(OH), conversion during cycling and CA at
1.52V vs. RHE.

Defect-induced pseudocapacitance

To gain deeper insight into the temperature/defect
dependece of NiO, on Au regarding the EDLC, reac-
tively magnetron sputtered films at T4, = 200 and
400 °C have also been investigated. The results of
this measurements are depicted in figure 6.8.

Evaluation of figure 6.8a reveals that the C 4 from
oxidation and reduction differs in a range of 0.1 to
0.9 uE Also after 4500 s of CA at 1.52V vs. RHE the
difference of the redox C; is 0.9 uF at the maximum.
In this regime, for oxidation and reduction, Cy; is
seen as equal and the root mean square (RMS) of
both values used. The results are tabulated in table
6.5.

A trend of the EDLC regarding the temperature
is observed. Before/after cycling, Cy4 of NiO, de-
creases steadily with T 4,. The decrease in Cy; is
correlated to the amount of defective species on the
surface that also decreases with higher T g,. An-
other trend is observed with the influence of the
cycling time on the catalysts. The lower T 4, the
higher the change of C 4 over time. NiO}Zi decreases
over the CA duration about —60 pF cm™2, NiOi?lo
around —26 yuF cm™2, and for Nin:?lO and Niog?lo
only a slight drop of —6 and —3 uF cm™2 is visible.
This phenomena has been attributed to the forma-
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Figure 6.8: Electrochemical double layer capacitance
(EDLC) of NiO, on Au at deposition temperatures of RT,
200, 400, and 600 °C. Analysis based on CV at different
scan rates (a) at the start of electrochemical measure-
ments and (b) after 4500s of CA at 1.52V vs. RHE. The
capacitance is approximated with a linear fit of the oxi-
dation/reduction values and written inside the graph in

uF.

tion of Ni(OH), before which is lower for NiO, at
increased T gep- This is in accordance to previous ob-
servations regarding the oxidation wave discussed
before (depicted in figure 6.5). The most accurate
description is the vanishing of previously accessible
defective sites on the surface that are either filled by
intercalated H,O or O,y species, or are converted
into Ni(OH), during cycling.

An increase in T gep, further results in the decrease
of the intrinsic capacitance, that is known to cor-
respond to the electrochemical surface area of the
catalyst [131]. The mechanism of charge storage
in Ni(OH), is the intercalation of H*, whereas for
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Table 6.5: Intrinsic double layer capacitance Cy of NiO,
on Au in uF cm™? at the start of the EC procedure (Cy ")
and after 4500s of CA at 1.52V vs. RHE, for RT, 200, 400
and 600 °C.

Intrinsic EDLC (uF cm™2)

Sample Cdl(]-) Cdl(z)
NiORl 304 247
NiOzX 260 234
NiOzX 174 169
Nio§% 127 125

NiO, adsorption, and reaction of OH™ on the sur-
face is involved. The difference in Cy is therefore
attributed to bulk material being involved in the
reaction of Ni(OH), which is less possible for the
bigger OH™ molecules [136]. This explanation is
conclusive with the XPS investigation (figure 6.6),
where the amount of Ni(OH), on the surface drasti-
cally differs for samples deposited at RT and 600 °C
over cycling.

6.5 Raman Spectroscopy of NiO,

Reactive magnetron sputtered NiO, on roughened
Au substrates have been studied in Raman spec-
troscopy. Figure 6.9 shows the Raman spectra of the
as deposited samples at RT and 600 °C in compari-
son to a NiO single crystal with (110) orientation,
measured in a range of 200 to 1300 cm™!.
According to previous investigations, the Raman
scattering in NiO originates from a one-phonon (1P)
transverse optical (TO) mode at 380 to 440 cm ™,
and a 1P longitudinal optical (LO) mode at 560 to
595cm™!. Three peaks at 730, 902, and 1100 cm™*
were assigned to the two-phonon (2P) scattering
(2TO, TO + LO, 2LO) [137, 138, 139]. The fea-

ture at 282 cm ™

is not assigned to a special mode
but reocurrs in Niog?lo at 239cm™! and in NiOE at
264 cm™. It is also suspected with very low inten-

sity in the Au substrate in figure ??, therefore it is as-

20°C
380-595
600 °C
sc (110)
210 1o +L0
L " 1 " 1 " 1 " 1 " 1 ’
200 400 600 800 1000 1200
Raman Shift (cm™)

Figure 6.9: Raman spectra of single crystalline (110) NiO
(black), NiO, deposited at 600 (navy) and RT (blue) in a
wavenumber range of 200 to 1300 cm™!. The vibrational
modes of the single-crystal are attributed to the corre-
sponding bands: 1P TO (380 to 440cm™!), 1P LO (560
t0 595cm™!), 2P 2TO (730cm™1), 2P TO + LO (902 cm™?),
and 2P 2LO (1100 cm™}).

sociated with v(M—M) vibrations such as v(Au—Au)
(lit.: 79 to 165 cm™Y) [140] or v(Ni—Ni). In litera-
ture, v(M—M) vibration for solid compounds such
as Sn, Hg, Mn, and Cd show stretching at 157 to
208 cm™! [141]. The vibration could be assigned
to v(M-M) in deficient Ni,O3, as it does appear in
non-single metal oxides such as Fe,O3 [142, 143].
Since the Au vibrations at this frequency range are
of rather low intensity, the vibrational bands can
also be assigned to v(Ni—O) stretching vibrations
as they occur in complex Ni and oxide containing
compounds [140].

Comparing the single crystal data with the sput-
tered NiO, samples, the characteristic Raman peaks
shrink or vanish due to the amorphous surface
layers in accordance to in literature investigated
annealed NiO, powders [144]. In NiOi?lo, two
2P modes reveal a blue-shift towards 804 cm™
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(2TO) and 936 cm™! (TO + LO), whereas the 2LO
mode shifts towards slightly lower wavenumbers
(1086 cm™'). The 1P band is known as an indica-
tor for the quality of single crystals and becomes
more pronounced in powders due to the presence
of defects and surface effects which can also be ob-
served for sputtered films here [138]. In contrast
to the suggestion by the XPS data of Niog?lo, the
high temperature NiO, is not revealing a defect-free
structure, since they are still present in the strong
1P band. As the whole spectrum reveals a blue-
shift, the sharp peak at 652 cm™" is associated with
the 1LO mode of Ni—O which overlaps with the
dominant 1TO mode. This mode exhibits strong
background signals at 338, 416, 499cm™" and a
maximum at 545 cm™! which are estimated to be
more pronounced due to the surface enhancement
process.

Raman spectrum of NiO}g exhibits a broad peak
between 360 to 720 cm™! attributed to the over-
lap of the 1TO and 1LO optical modes in NiO at
794 cm™!, a weak peak arises due to the blue shifted
2TO mode of Ni—O [145]. Similar background sig-
nal as in NiOﬁﬂo is observed at 369 and 463 cm™.
The comparison of the positions of these bands fur-
ther strengthen the assumption of spectral artefacts

due to surface enhancement.

6.6 Operando Raman spectroscopy of NiO,

NiO, thin film electrocatalysts have been studied un-
der working condition in 0.1 M KOH electrolyte with
Raman spectroscopy. The samples were mounted
in the Raman cell (figure 4.7) and installed firmly
under the microscope, after being connected to the
GAMRY potentiostat. The freshly prepared films
on Au, were first cycled 30 times in a potential
range of 1.0 to 1.5V vs. RHE in the Raman cell to
condition the surface. Afterwards, a potential of
1.0V vs. RHE was applied for 10 min to stabilize the
catalyst and its surface processes. In the following
process, potential steps of 0.05V towards 1.65V vs.
RHE have been carried out. The respective potential

was held for at least 1 min in a chronamperometric
measurement while the current was monitored to
measure stable intermediates on the surface.
Raman spectra were acquired with a laser power
of 3mW, attenuated by ND filters, and an illumi-
nation time of 3s in a wavenumber range of 200
to 1400 cm™!. The spectrum was accumulated 20
times to reduce noise and enhance the signal to

noise ratio.

NiO, deposited at RT

Figure 6.10a displays the SER spectrum of the in
situ measurement for NiOiE. Below a potential of
1.4V vs. RHE, two bands are visible in the spectrum
which are assigned to the combined 1P 1TO and
1LO mode at 598 cm™" in NiO and the A, stretch-
ing mode of Ni'-O in Ni(OH), at 503 cm™! [72].
For pure Ni(OH),, a wavenumber region of 445 to
460 cm™! has been reported for the Ni''-O stretch-
ing mode [70, 146], but this peak has found to be
very sensitive to defective structures and shows a
blue-shift up to 534 cm™" [147]. The A;, stretching
mode of Ni—OH in Ni(OH), at lower wavenumbers
has been reported but was not directly observed as
an own peak in this case, probably due to the low
Raman scattering cross-section of this species [73].
This feature is exceptionally weak for «-Ni(OH),
which is probably the present species on the cata-
lyst, recalling that 3-Ni(OH), requires altering of
the film for several days [148]. Several possible
configurations of adsorbates and intermediates for
metal oxides are displayed in figure 6.11.

Above a potential of 1.4V vs. RHE new peaks
arise in the spectrum at 486cm™! and 563 cm™!,
that are both attributed to the formation of NIOOH
due to the oxidation of Ni(OH),. The peaks are
assigned to the eq bending vibration (486cm™1)
and the A stretching vibration (563 cm™') mode
of Ni'"-0 in NiOOH. These peaks are very intense
compared to the low intensity vibrations of NiO
and Ni(OH),, which is associated with a resonance
enhancing effect in NiOOH [72, 73]. Under the
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Figure 6.10: Stacked SER spectra of NioilTJ (a) and NiOi?JO (d) obtained at constant potentials from 1.05 to 1.65V vs.
RHE. The different graphs are stacked from the bottom to the top and the observed vibrations are assigned to the
corresponding wavenumbers as well as the active species in the structure. Deconvoluted SER spectra of obtained at
constant potentials of 1.05V (b,e) and 1.65V (c,f) vs. RHE. The graphs are fitted with a linear spline and Lorentzian
curves between 200 to 1300 cm™!. Oxide species are displayed in dark cyan, hydroxides in cyan, oxyhydroxides in
dark yellow, and superoxide species in olive.
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M_0, a shoulder is visible that

stretching mode of Ni
is attributed to the previously described combined
1P mode of NiO that does not vanish in the process

of oxidation.

(d)

(b)

Figure 6.11: Adsorbed oxide and hydroxide intermedi-
ates on metal oxide (MO, ) surfaces. The figure illustrates
M-OH (a), M-0, in end-on configuration (b), M-0, in
side-on configuration (c), M-0 (d), and M-OOH (e).

Starting at a potential of ca. 1.5V vs. RHE, two
bands in a region of 900 to 1200 cm™! appear in the
spectrum. The superoxo (O—O) vibration in the de-
protonated NiOO~ occurs at 988 and 1079 cm ™! and
has been investigated in detail by Diaz-Morales et al.
[72]. They performed Raman measurements of elec-
trodeposited Ni(OH), in H,%0 to observe a peak
shift of this wavenumber region compared to H,%0.
[62] who
attributed a shifting peak in this region to the active

This method is based on Zhang et al.

oxygen species CoOO during the photocatalytic wa-
ter oxidation on Co304. Further, Diaz-Morales et al.
[72] reported two different O—O vibration modes
in a region of 900 to 1150 cm™! for NiO, species.
This peak splitting occurs for superoxo structures,
where the O is bound to a metal atom in line, cor-
responding to the side-on configuration in figure
6.11 [140]. It is also possible but unlikely for this
vibration to be part of a Ni=0 vibration of NiOOH,
since these species occur at wavenumbers of 900 to
1000 cm ™! [140].

The SER spectra at 1.05V and 1.65V vs. RHE
have been fitted to obtain all surface species de-
tected with Raman spectroscopy. The data was cor-
rected by a linear spline and deconvoluted with
Lorentzian curves, the result being depicted in fig-

ure 6.10b and c. Deconvolution reveals the overlap
of the two Ni(OH), stretching modes v(Ni''-0) and
v(Ni'-OH) at 1.05V vs. RHE with a peak maxi-
mum at 510cm™!. The 1TO mode of NiO might
contribute to the peak but is hard to deconvolute
separately. The 1LO and v(Ni'-0) stretching mode
of NiO is located at 599 cm™!, and 269 cm™!, re-
spectively. The ratio of NiO to Ni(OH), is ca. 1:2.
At 1.65V vs. RHE, the v(Ni'-0) in NiO is not vis-
ible any more, whereas the bending and stretch-

_0 in NiOOH appear dominantly

ing mode of Ni
at 488 and 560 cm™!, accompanied by the double

0-0 band of NiOO™ at 994 and 1108 cm™!.

NiO, deposited at 600 °C

In figure 6.10d the SER spectra of NiO, deposited at
600 °C are displayed. The spectra were achieved in
the same manner as for NiOh:. Up to 1.35Vvs. RHE
three overlapping bands between 375 to 650 cm™*
are visible in the spectrum. Two of them are as-
signed to the 1P 1TO + 1LO mode at 582cm™
and 2P 2TO mode at 653cm™! in NiO. The peak
at 497 cm™! arises from the A, stretching mode of
Ni'-O in Ni(OH),. At a potential of 1.35V vs. RHE
at 554 cm ™! a peak corresponding to the Ay stretch-
ing vibration mode of Ni'!-O in NiOOH grows and
reaches its full form at a potential above 1.45V vs.
RHE where the 1P mode of NiO can not be fully
determined any more. At this potential, also the e,
bending vibration at 484 cm™! of Ni'"-O in NiOOH
arises. Over the whole potential range, the 1LO
mode at 653 cm ™! is visible.

The SER spectra of Niog?lo show several differ-
ences towards the previously discussed SER spectra
of NiOE. In figure 6.10b and c, no 2P mode of NiO
has been detected. The intensity of the 1P mode of
NiO (582 cm™) is high compared to the vibrational
modes of Ni'"-O in NiOOH which is probably due
to the more crystalline structure of the deposited
NiO, and the low amount of Ni(OH), formation as
it already has been observed in XPS (figure 6.6).
The 1P mode in NiOS% red-shifts 16 cm ™", and the
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Alg stretching mode of Ni'-0 in Ni(OH), 6cm~!
towards lower wavenumbers.

The Ni(OH),/NiOOH redox transition shows its
distinct two peaks at a later potential of 1.45V vs.
RHE on Niog?f’. Both peaks greatly overlap with
the high Raman scattering cross-section 1P mode of
NiO, which makes it hard to compare the relative
intensities of the samples. For wavenumbers above
660 cm™', no Raman bands are detected on first
glance.

In figure 6.10e and f, the deconvoluted spectra
of Niog?lo at 1.05 and 1.65V vs. RHE are displayed.
The BG was subtracted with a linear spline and
the peaks fitted with Lorentzian curves between
200 to 1300cm™'. At 1.05V vs. RHE, the com-
bined 1TO/1LO and the v(Ni'-0) stretching mode
of NiO are centered at 584/645 and 260 cm™! with
the overlapped v(Ni"-0) and v(Ni-OH) stretching
modes of Ni(OH), in between. The ratio of NiO to
Ni(OH), was calculated to 1.6:1, revealing 3 times
less formation of Ni(OH), compared to NiO}g.

At 1.65V vs. RHE, the bending and stretch-
ing mode of Ni'’-O in NiOOH appear at 482 and
549 cm™!, accompanied by a smaller double O—0O
band of NiOO™ at 947 and 1082cm ™ as well as a

1P mode of NiO at 589 cm™!. Compared to NiOiE,

all peaks reveal a red-shift. The conversion of Ni'"

to Ni'V was estimated as a ratio of the double O—O
band area of NiOO~ and the v(Ni'™-0) mode of
NiOOH in NiOiﬁ at 1.65V vs. RHE and vice versa for

NiOﬁ?lO. The formation of the deprotonated NiOO™

RT
Auw’

relating to the observation of the lower activity in

in intensity is ca. 10 times higher in NiOj , cor-

. ~600 IV s . ..
NiO,. ", as Ni'" is presumably the active species in

OER.

Kinetic description

The process of water oxidation on NiO, has been
studied intensely and this work forther investigated
the redox system in alkaline media, based on which
a scheme is introduced in figure 6.12. During con-
tact with the electrolyte, the deposited NiO, forms

Ni(OH), (Ni'") which is further oxidized to NiOOH
(Ni'h), occuring under the formation of a deproto-
nated species NiOO™ (Ni'V). The idea of a deproto-
nated NiO™ species assisting in water oxidation has
been introduced, but was not further proven [72].
In this case, the vibration for this species can not be
distinguished from the 1P mode in NiO, appearing

as a shoulder at 598 cm™!.

alkali

Ni'O
Ni'(OH),

oxidation

1.35V vs. RHE | "eduction

oxidation

1.5 V% NiIIIOOH

NiVOO

reduction

Figure 6.12: Scheme of redox processes of thin film NiO,
in alkaline media.

Either way, the O, formation is highly suspected
to occur via decomposition of negatively charged
surface oxide O,4,~ or negatively charged super-
oxide O, .45~ species [72]. The final mechanism
remains unclear, if deprotonation gives rise to O,45"
and further forms the O—O bond or deprotonation
of OOH, 4 results in NiOO". It is not unreasonable
for a combination of both mechanisms to take place
on the surface of NiO,.

Most of the available literature suggests the cov-
erage of NiO, (Ni')) electrodes with Ni(OH), (Ni')
when in contact with alkaline electrolyte and fur-
ther the oxidation towards Ni™! as in NiOOH [149].
The presence of Ni'V at higher potentials as active
centres towards the OER has been suggested by
some authors as well based on the observed Tafel
slopes [150, 149, 73].
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7 Investigation of Manganese Oxide

Manganese oxide was introduced as a promising electrode material for the OER, that is of current interest for

catalysis research. In this chapter, MnO,. has been synthesized in three different oxidation states, as proven

wit XPS, and evaluated based on its catalytic activity. During operando Raman spectroscopy, 5-MnQO, was

present on all samples, but differed in its degree of charging, i.e. interlayer spacing and presence of Mn'/Mn'V

cations. The cyclation duration and activation of each catalyst was able to alter the activity greatly, which

will be of further interest towards dynamic investigations.

7.1 Photoelectron Spectroscopy of MnO,

Determination of the chemical composition of sput-
tered MnO, (procedure according to section 4.5)
was conducted by recording XP spectra on Aug,
substrates in line after deposition. The growth of
MnO, was also monitored on Au,, and no dif-
ference regarding the chemical composition was
observed. Since the sputtering process is highly di-
rectional, not the complete surface of Aug., may
be covered with MnOy. Recalling, the R, after etch-
ing was investigated with AFM and found to be ca.
44 nm (see figure 5.4 and table 5.2 for comparison),
compared to a layer thickness of ca. 10nm. To
avoid subjection to X-ray spot location, better com-
parison is achieved by presenting MnO, on Aup;.
Au,,, covered entirely with MnO, was used in EC for
better evaluation of the surface area, while Aug,
was needed for SER measurements.

The survey spectra of MnO, are displayed in fig-
ure 7.1. All peaks visible are assigned to manganese,
oxygen, and gold. The most prominent region of Au
in figure 5.2, core level peaks Au 4f5 5 and Au 4f;,,
overlap directly with the multiplet of manganese
core level peak Mn 3s. Gold core level peaks Au
4d3,, and Au 4ds , are still visible in the spectra un-
derneath the MnO, layer, especially on Mn'™ which
is suspected to possess a lower thickness due to the
annealing step. The difficult to determine oxidation
state of Mn with XPS is highly debated in literature.
Therefore, one of the most common approaches is

used, determining the Epp distances in the Mn 2p

and Mn 3s regions. This is especially difficult for Mn
on Au due to the overlap of intense features. More
information regarding the chemical composition is
delivered by the O 1s region, and lastly the Mn 3p

region for stoichiometry evaluation.

Mn 2p: The main phase of MnO, is determined
with manganese core level peak Mn 2p by the Egg
difference AE2p, 5 between the Mn 2p, ,, peak and
the Mn 2p, /» shake-up satellite. The high resolution
spectra of the Mn 2p region and the respective peak
positions are displayed in figure 7.2.

The Mn 2ps3,, peak is hard to deconvolute, since
in most available literature such as Ilton et al. [151]
or Biesinger et al. [152], six to eight peaks are
used for data fitting without clear assignment of
an oxidation state therein. Even for powders of
99 % purity, the peak area is not deconvoluted with
less Gaussian-Lorentzian peak fits. Therefore, the
AE2p, , is used as an indicator for the main phase
in the Mn 2p region based on the work of Gorlin and
Jaramillo [153], who used the work of Di Castro
and Polzonetti [154] (care for the wrong reference
in the Gorlin paper, where Matsumoto et al. [155]
is cited) as reference. In Mn", the lowest AE2p, /,
is calculated to 6.5 eV (lit.: 5.4 to 6.0 eV), whereas
higher values are found for Mn™ with 9.8 eV (lit.:
10 to 10.5eV), and 11.8eV in Mn' (lit.: 11.8 to
11.9eV). Table 7.1 lists these values compared to
the literature data. The discrepancy of the AE2p; ,
values is associated with the purity of the synthe-
sized MnO, phase, matching perfectly in Mn" but
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Figure 7.1: XP survey spectra of MnO, samples deposited on Au with the main oxidation phase of Mn' (chartreuse),
Mn"" (khaki), and Mn"V (maroon) in a BE range of 0 to 1200 eV. From left to right following peaks can be identified:
oxygen Auger peaks O KLL at ca. 999 and 975 eV, manganese Auger peaks Mn LMM at ca. 952, 903, and 853 eV,
manganese core level peak Mn 2s at ca. 772 eV, manganese core level peak Mn 2p at ca. 653 and 642 eV, oxygen
core level peak O 1s at ca. 530¢V, gold core level peak Au 4d at ca. 354 and 335 eV, manganese core level peak Mn
3s at ca. 88 and 84 eV, and manganese core level peak Mn 3p at ca. 48eV [108].

revealing small aberrations in Mn'" and Mn'", indi-
cating other oxidized Mn species or defect states
present on the surface. Also displayed in figure
7.2, only Mn" phase shows a Mn 2ps, satellite at
647.2eV [152].

It is well known that higher oxygen content in
MnOj results in a shift of the Mn 2p, ,, satellite to
higher Epz [154]. The Mn 2p,,, peak is located
at 653.1eV in Mn" (lit.: 653.3 eV [89]) and Mn'",
and 653.3 eV in Mn"V. Powders of 99 % purity give
peak positions of 653.4 eV for Mn'' and 654.1 eV
for Mn" [156, 157]. In contrast to AE2p, 5, the

M but reveal a shift of ca.

values match well for Mn
0.8eV in Mn", indicating unpurity of the sputtered

Mn' layers.

Mn 3s: Further work on the examination of the
oxidation states in MnO, is done with the help of
the manganese core level peak Mn 3s, also based on

the work of ref [153, 154]. The peak distance of the
multiplet splitting in the Mn 3s region was found to
differ for Mn", Mn', and Mn!. For the evaluation
of the peak distances in the sputtered samples, gold
core level peak Au 4f had to be discriminated in the
spectrum, as displayed in figure 7.3.

The Mn 3s region was subtracted with a Shirley
BG and deconvoluted with GL peak fits. The Au 4f
was fitted, using a line shape derived from a high
resolution Au 4f region from a pure Au sample, as it
is displayed in figure 5.2. For the best possible fit of
this peak, four GL peaks were necessary, two with
low FWHM of 0.6 €V at 87.7 and 84 eV, attributed to
pure Au® metal, and two peaks with higher FWHM
of 1.4 eV at the same BE values, attributed to small
amounts of oxidized Au®* species [158, 159]. Mn
deposited on a Ti substrate was used as a reference

to retrieve a line shape for the Mn 3s region. The
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Figure 7.2: XP detail spectra of Mn core level peak Mn 2p
in a Egg range of 670 to 635 eV. MnO, samples deposited
on Au with the main oxidation phase of Mn'" (chartreuse),
Mn'" (khaki), and Mn!V (maroon) are displayed. The Egg
of the Mn 2p,,, satellite, Mn doublet peak Mn 2p;,,
Mn 2ps/;, satellite, and the Mn dublet peak Mn 2ps/, are
indicated by gray boxes.

main oxidation states of these Mn samples on Ti
were clearly assigned with the AE2p,,, and the
AE3s, offering literature matching values of 6.3 eV
in Mn" (lit.: 5.8 to 6.1eV), 5.2¢eV in Mn™ (lit.: 5.1
to 5.5eV), and 4.8eV Mn'V (lit.: 4.5 to 4.7 eV) [153,
154].

The line shapes were allowed to move £0.1eV
in their FWHM and +0.2eV in the Egz. Further,
both Mn 3s peaks were allowed to retrieve the best
possible fit with one additional GL fit each. In Mn'!,
no improvement of the spectrum was achieved with
additional peaks. This might be the case due to
the annealing process, diminishing the influence of
oxidic species such as gold oxide or chemisorbed
oxygen. In Mn, the additional peaks are located
at 88.2 and 84.5 eV with FWHM of 0.8 and 1.0eV.
MnO, species in oxidation states different from Mn!

may also contribute to the spectrum but are hard to

deconvolute separately. Due to the similar FWHM
and Egg, the majority of these additional peaks is
attributed to Au®* species. Two additional peaks
are located at 87.1 and 83.5¢eV in Mn". In contrast
to Mn'!, these peaks are not assigned to Au due to
the shift to lower Egg, but are rather associated with
MnO, species in an oxidation state lower than +4
in compliance with the Mn 3s positions of Mn™ and
Mn'

The AE3s values were investigated after deconvo-
lution and calculated to 6 eV (Mn'), 4.9 eV (Mn'),
and 4.3eV (Mn'). The results compared to the
literature values are listed in table 7.1. It is obvious
that the deconvolution with the Au 4f line shape
combined with the unclear existence of differently
oxidized Mn and Au species exhibit values differing
slightly (£0.2eV) from literature. A trend regard-
ing lower AE3s for higher oxidation states clearly
is observed and appears in used references as well.

O 1s: In figure 7.4, the spectra of Mn", Mn',
and Mn'V are subtracted with a Shirley BG and
deconvoluted with GL curves. The main phase
O-Mn?, where a is the oxidation state of the su-
perior phase (as asserted before), peaks are found
at529.1 (Mn'), 592.8 (Mn""), and 530 eV (Mn") in
accordance with usual values for metal/manganese-
oxygen bondings (lit.: 529.6 to 530eV) [160, 156,
157]. These peaks show typical FWHM values
of 1.0 to 1.1eV. In Mn™ and Mn'V, an additional
Mn—O—Mn peak at a Egz = 530.9 and 530.2eV is
visible, attributed to O-Mn® and O-Mn® *!, where
0 is an oxidation state < 3. The FWHM of these
peaks are again metal-oxygen typical values of 0.9
(O-Mn?®) to 1.2eV (O-Mn® *1), taking higher val-
ues in Mn'V due to the higher possibility of different

oxidation states of O-Mn?® *1,

All three MnO, possess oxygen species attributed
to oxygen vacancy induced defects (Oy) at 531.5
to 531.8 eV, as it was similarly found in NiO, in
this work (see figure 6.2 at 530.7 eV) and discussed
in detail. These Oy, species reveal higher FWHM
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Figure 7.3: XP detail spectra of Mn core level peak Mn 3s in a BE range of 79 to 93 eV. MnO, samples deposited on
Au with the main oxidation phase of Mn'" (a), Mn"" (b), and Mn'"V (b) are displayed. The spectrum is subtracted with
a Shirley BG, the peaks are deconvoluted with line shape curves to obtain the Au core level Au 4f (dark yellow), and
the Mn core level Mn 3s (dark cyan). If necessary, the data was fitted additionally with Gaussian-Lorentzian peaks

(pink).

Table 7.1: XPS values for spin orbital splitting Mn AE2p,,, and multiplet splitting Mn AE3s for this works MnO,
samples, obtained here and compared to the literature values from ref [153] and [154].

Sample AE2p,,, (eV) Lit. [153] AE3s (eV) Lit. [153]
Mn! 6.5 5.4-6.0 (MnO) 6 6.0-6.1 (MnO)
Mn'! 9.8 10.0-10.5 (Mn,05) 4.9 5.1-5.4 (Mn,05)
Mn'v 11.8 11.8-11.9 (MnO,) 4.3 4.5 (MnO,)

values of 1.2 (Mn'™) to 1.9eV (Mn'). Especially
in Mn'V, the broad peak and the overlap with the
O-Mn® *1 species indicate unclear deconvolution in

minor areas of the spectra.

Evaluation of the Mn/O stoichiometry

To further investigate the sputtered MnO, species,
the proportion of manganese and oxidic species
on the surface is investigated. For best possible
results regarding the Mn peak areas, Mn 3p has
been chosen, since Au 4p, , at ca. 643 eV overlaps
with the Mn 2p region. The strong Au 4f region
overrules the Mn 3s region intensely, leaving only

Mn 3p uninfluenced by the Au substrate.

The Mn 3p stoichiometry is investigated via the
corrected area values A.,,,, determined in CasaXPS
with a region after Shirley BG correction. The BG
corrected MnO, XPS data with A, is displayed in
figure 7.5. The peak area data has to be corrected
in regard to several factors, such as the atomic sensi-
tivity factor (SF), the transmission factor Tf and the
inelastic mean free path A;, resulting in a relative
sensitivity factor (RSF), calculated by CasaXPS. The
raw area values, Ay, and Mn/O ratio is listed in
table 7.2. The correction has been done directly in
CasaXPS with RSF = 1.42 for Mn 3s and 2.93 for
the O 1s region and Tf, specially evaluated for used
XP spectrometer, along with A;, either listed [161]
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Figure 7.4: XP detail spectra of oxygen core level peak O1s in a BE range of 527 to 535 eV. MnO, samples deposited
on Au with the main oxidation phase of Mn' (left), Mn"' (middle), and Mn'V (right) are displayed. The spectrum
is subtracted with a Shirley BG, the peaks are deconvoluted with Gaussian-Lorentzian curves to obtain the surface
oxygen bound to Mn in the main phase (dark cyan) and in a minor phase (olive), as well as oxygen vacancies (purple).

or calculated, e.g. with a software from the national
institute of standards and technology (NIST) [162].
A.orr has been calculated according to:

A A A
T SExTf xA; RSF

(7.1)

In the O 1s region, O-Mn® species have been
deconvoluted, influencing the calculated peak area
of the Mn 3p region. To address the main species
evaluated with the Mn 2p and the Mn 3s region, the
area of the high peak in the O 1s spectra (see figure
7.4), which is suspected to contain the Mn—O—Mn
species of the main oxidation state (listed as Mn*
in table 7.2), has been used to determine the Mn/O

ratio.

In a perfect MnO film, the ratio of Mn'/0O is 1,
in contrast to a determined ratio in the sputtered
film of 0.93, indicating a slight hyper-stoichiometry
of oxygen species. The ratio is close to 1 as ex-
pected from the O 1s shape, not revealing visible
manganese species in a oxidation state different

from Mn" and residual oxygen is probably bound
in gold oxide species as displayed in figure 7.3a.

For Mn,03, a relation of 2Mn'"/30 gives a ratio of
0.67, differing significantly from the determined ra-
tio of 0.52, showing excessive oxygen on the sample.
Mn,05 has been synthesized by annealing MnO, at
600 °C for 1h, so residual MnO, species might be
present in the sample. According to discussed lit-
erature, Mn,O; is reduced to Mn30,4 at higher T
of ca. 590°C by heating in Ar atmosphere. Due to
local heating and excess of Mn species in the sam-
ple, Mn3;0, supposedly has already formed. The
Egg shift in the O 1s region of Mn'! suggests Mn®
species with an oxidation state < 3.

The Mn"V/0O ratio of MnO, has been calculated to
0.43, compared to an ideal ratio of 0.5. The differ-
ence of ideal and experimental value is similar to
Mn"" and the variation is attributed to Mn® species
in the O 1s region of Mn'V such as Mn,;03, Mn30,
or Mn’.
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Table 7.2: Raw area values, corrected Area values A, and manganese to oxide ratio, determined with XPS,
evaluated for the core level peaks Mn 3p and O 1s. The correction has been done in regard to the SF, T, and A; values
directly with CasaXPS. Areas are given for different Mn—O peaks derived from O 1s, where «a is the corresponding
oxidation state of the sample and ¢ is a oxidation state <3.

Sample Region Rawarea A, (Mn®*-0) A, (Mn°-0) Mn%*/O
" Mn3p 10198.8 7511.51 _

Mn O1ls  20496.9 8084.15 - 0.93

Mn3p 8076.11 5941.59 -

111

Mn O1s 30170.84 11349 549.87 0.52
v  Mn3p 7634.17 5623.52 _

Mn O1s 36122.67  12977.7 1266.25 0.43

7.2 Electrochemistry of MnO,

Electrochemistry investigation of MnO, species on
Au,,, was performed in 0.1 M KOH with two differ-
ent protocols, using Ag/AgCl in EC(I) and Hg/HgO
in EC(II) as RE (see experimental section for de-
tails). Each protocol was conducted with a freshly
prepared sample. All correction values regarding
the potential scale shift vs. RHE and the resistance
of the electrolyte R, are presented in table 7.3.

R, is determined by EIS at the OCP of the catalyst,
displayed in figure 7.6 for EC(I). The resistance
values in the picture are already corrected towards
the geometrical surface area of the catalyst (~0.385
and ~0.503cm™2). To determine the correction
value R, for each sample, the real impedance value
Zpeal @t an imaginary impedance value closest to
—Z1mag = 04 is taken, to disregard the capacitance
of the double layer. As a result, the MnO, species
reveal R, correction values of ca. 23.1 (MnO), 22.7
(Mn,03), and 24.1 Qm? (MnO,).

Table 7.3: Correction values for activity investigation of
MnO, samples. The values for the RE were obtained in a
600 s OCP measurement while R is taken from a Nyquist
plot, received by EIS at OCP. Note, that the higher R in
Mn,03 arises from the smaller o-ring diameter.

EC(D EC(ID
Sample Epg/agct (V) Rey () Eggmgo (V) Rep ()
MnO 0.979 46 0.894 46
Mn,03 0.978 59 0.900 47
MnO, 0.980 48 0.904 48

The electrochemical characterization presented
in figure 7.7a demonstrates the significantly higher
OER activity of MnO, compared to the other MnO,
samples. The current-voltage curves show an ap-
proximately linear course until ca. 1.5V vs. RHE,
before the current onset and O, evolution starts. If
the current onset is described by the overpotential 1
at a current density j of 0.1 mA cm 2, MnO, reveals
the lowest onset n of 370 mV, followed by MnO
(390mV), and finally Mn,05 with 410 mV. Evalu-

2 results in a similar

ation of n at j = 5mAcm™
trend, presenting 11 = 490 mV for MnO,, 540 mV
for Mn,03, and 550 mV for MnO. The Tafel investi-
gation, displayed in figure 7.7b reveals a low slope
of 62mV dec™! for MnO, and higher slope values of
77 mV dec™! for Mn,05 and 88 mVdec™! for MnO.
All relevant kinetic parameters are summarized in

table 7.4.

In the inset plot in figure 7.7a, the visible re-
dox processes before the OER region are displayed.
Mn,05; shows almost no change in current den-
sity during oxidation and only a low reduction
peak starting at ca. 1.15V vs. RHE, decreasing
to —0.07 mAcm ! at 1.0V vs. RHE. MnO and MnO,
exhibit a similar shape in the investigated region
with a spontaneous increase in current density at
ca. 1.25Vvs. RHE to j = 0.5mAcm 2 on MnO
and 0.7mA cm™2 on MnO,. At E=1.0to 1.25V vs.
RHE, MnO, reveals a higher j than MnO, resulting
in a similar increase at 1.25V vs. RHE. On the reduc-
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Table 7.4: Kinetic parameters obtained during EC of MnO, in 0.1 M KOH, according to EC(Il). The evaluation of the
overpotential 17 at 0.1 and 5 mA cm ™2, the Tafel slope and the anodic charge transfer coefficient a, is given.

Sample mat0.1mAcm 2 (mV) mat5mAcm 2 (mV) Tafelslope (mVdec™) a,
MnO 390 550 88 0.287
Mn,054 410 540 77 0.328
MnO, 370 490 62 0.407
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Figure 7.5: XP detail spectra of Mn core level peak Mn 3p
in a BE range of 57 to 43 eV. MnO, samples deposited on
Au with the main oxidation phase of Mn'' (chartreuse),
Mn'" (khaki), and Mn"Y (maroon) are displayed. The
regions are subtracted with a Shirley BG and the peak
areas A, corrected for the relative sensitivity factor
RSF, transmission factor T, and inelastic mean free path
IMFP, are given.

tion side, both curves have a relatively strong peak
at 1.07 (MnO) and 1.08V vs. RHE (MnO,), reach-
ing current densities of —0.19 and —0.21 mA cm ™2,

respectively.

The overall OER performance of Mn'V is superior
to Mn" and Mn™. While Mn" shows a lower on-
set n) to Mn' (D = 20 mV), Mn'! already performs
better at j = 5mAcm ™2 (D = 10mV) and is sus-
pected to improve at higher current densities due to
the —11 mV dec™! lower Tafel slope. The reactively
sputtered MnO, catalysts seem to not only differ

Figure 7.6: Nyquist plot of the EIS data at OCP, deter-
mined for MnO (navy), Mn,0s5 (blue), and MnO, (cyan)
in EC(I) in 0.1 M KOH. The impedance values in the plot
have been corrected towards the geometrical surface
area of the catalysts exposed to the electrolyte during
EC (0.503 cm? for MnO and MnO, and 0.385cm? for
Mn,0s3).

in their surface properties, i.e. their electrochemi-
cally available/accessible surface area and provided
charge transport, but also in their intrinsic activity
due to their large differing Tafel slope values [163].

The activity of screen-printed 3-MnO, was investi-
gated by Fekete et al. [163] for different thicknesses
in 0.1 M NaOH (pH 12.9) and an increase in activity
has been detected for up to 4.2 um. They reported
an onset 1) of 450 mV that could be reduced to
below 300 mV by nanostructuring MnO,, reach-
ing j = 10mAcm 2 at n = 550mV. Gorlin and
Jaramillo [153] investigated an electrodeposited,

III

mostly Mn™ containing nanostructured MnO, cata-

lyst in 0.1 M NaOH, reporting an overpotential of
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Figure 7.7: Activity evaluation of MnO, on Au in 0.1 M KOH, presented from 1.0 to 1.8V vs. RHE. Data of MnO is
displayed in navy, Mn,0s; in blue, and MnO, in cyan. (a) CV data after conditioning for 50 cycles between 1.0 to
1.5V vs. RHE with 100 mVs™! according to EC(Il). CV are recorded with 10mVs™! from 1.0 to 1.9V vs. RHE, the

overpotential at 5mA cm™2 is indicated by a dashed line. The inset plot displays CV data recorded with 50 mV's

-1

from 1.0 to 1.9V vs. RHE, zoomed in to estimate the redox wave. (b) Tafel plot, displayed as a function of the
overpotential 1 and the logarithmic current density log(j). Data received from CV depicted in (a), recorded with

10mV s, fitted linearly to obtain the Tafel slope.

540mV at j = 10 mA cm 2. For comparison, in the
same test procedure, carbon-supported RuO, and
IrO, reached 10 mA cm™2 at = 390 mV.

Fekete et al. [163] further report Tafel slopes

for their commercial and nanostructured 3-MnO,

catalysts of close to 90 mV dec™!

, indicating similar
intrinsic properties regardless of the surface struc-
ture. Without inducing structural change over time
in MnO,, from this experiment MnO,, i.e. Mn',
is suspected to be the active state during O, evo-
lution in alkaline media. Also, in literature the
enhancement of MnO, with gold-support is elab-
orately discussed. Even traces of Au have been
reported to activate MnO,, indicating local, inter-
facial interactions between Au and MnO, [164].
While Au=0 and Mn—O—Au are both inactive for
water oxidation, they are working as hydrogen ac-
ceptors, therefore increasing catalytic activity of the
OER by decreasing the free energy of e transfer
steps involving hydrogen [165, 166].

Behavior over cyclation time

One major point of interest in studying MnO, as a
possible catalyst for water oxidation is not only the
stability over time, but also the changes induced
in regard to the electrochemical performance. To
address these questions, samples have been stud-
ied in the previously introduced EC(I). LS were
recorded after an activation step of 20 cycles with
5mVs~! from 1.2 to 1.7V vs. RHE (Act;) in 0.1 M
KOH. The results of these sweeps along with the
evaluation of the Tafel slopes are displayed in figure
7.8. In contrast to the previously discussed CV data,
the activation was carried out at higher potentials,
reaching the O, evolution regime.

All samples present a similar shape with no ob-
vious oxidation wave, but with slightly different
onset potentials, starting at the lowest with MnO,
(8370 mV), followed by Mn,03; (400 mV) and MnO
(410 mV). The onset potential is again defined as
the overpotential 7 at a given current density j of
0.1 mA cm™. Regardless of the different onset, all
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Figure 7.8: Activity evaluation of MnO, on Au in 0.1 M KOH, measured from 1.0 to 1.9V vs. RHE. Data of MnO
is displayed in navy, Mn,0s3 in blue, and MnO, in cyan. (a) LSV data after conditioning for 20 cycles between 1.2
to 1.7V vs. RHE with 5mVs™! (Act,) according to EC(1). (c) LSV data after Act', reduction at 0.8V vs. RHE for
30 min, and reactivation for 20 cycles between 1.2 to 1.7V vs. RHE with 5mVs™! (Act,). The data from above is
indicated as transparent sweeps for direct comparison. LSV were recorded with 10 mVs™! from 1.0 to 1.9V vs. RHE,
the overpotential at 5mA cm™ is indicated by a dashed line. (b) and (d) Tafel plots, displayed as a function of the
overpotential 1 and the logarithmic current density log(j), fitted linearly.

samples show an overpotential 7 of 540 mV at a

current density of 5mAcm 2.

This behaviour is
explained with the evaluation of the linear region,
revealing the lowest Tafel slope of 77 mV dec™ for
Mn,05 and the highest for MnO, with 82 mV dec™?,

having MnO in between with 79 mV dec™.

To compare obtained results with the perfor-
mance after longer cycling time, the experiment
was redone. To reduce the surface species oxidized
during the cycling procedure and to investigate the
reproducibility of these results, all samples were
hold at 0.8V vs. RHE for 30 min. Afterwards, a
reactivation step (Act,) was carried out, cycling 20
times between 1.2 to 1.7V vs. RHE with 5mVs™".

These results are visible on the bottom of figure 7.8,
where in the bottom left the LSV curves after Act;
are again indicated by transparent lines for direct

comparison.

The activity of the MnO, differs greatly after re-
duction and reactivation. While MnO and MnO,
have a similar 1 at j = 0.1mAcm™! of 340mV,
the O, evolution of Mn,O; starts at higher n of
370 mV. Compared to previous results after Act!, all
onset potentials were improved, greatest in MnO
with —70 mV, whereas the onset 1 of MnO, and
Mn,0O3; was lowered by —30 mV in both cases. At
a current density j = 5mAcm™!, MnO shows an
1 of 430 mV, compared to 500 mV of MnO,, and
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Table 7.5: Kinetic parameters obtained during EC of MnO, in 0.1 M KOH, according to EC(l), tabulated after Act,
and Act,. The evaluation of the overpotential 1) at 0.1 and 5 mA cm™2, the Tafel slope and the anodic charge transfer

coefficient o, is given.

Sample Actstep mat0.lmAcm 2 (mV) nat5mAcm 2 (mV) Tafelslope (mVdec!) a,
Act; 410 540 79 0.320
MnO Act, 340 430 44 0.574
Acty 400 540 77 0.328
MnoOs  act, 370 530 73 0.346
Acty 370 540 82 0.308
MnOz ety 340 500 51 0.495

530 mV of Mn,Os. In regard to the data after only
Act!, the 1) of Mn,O5 has changed barely (—10 mV),
while MnO, was improved by 40 mV, and the activ-
ity of deposited MnO has been improved greatly by
110 mV.

By investigating the behavior at higher potentials,
i.e. the Tafel slopes, the performance change af-
ter the 2™ activation step is also very pronounced.

1 cor-

MnO reveals a low Tafel slope of 44 mV dec™
responding to an improvement of 35 mV dec™!. The
Tafel slope of MnO, is improved by 31 mV dec™! to-
wards 51 mV dec™!, while Mn,Oj5 is hardly changed

by 4mVdec™! to 73mVdec!.

Activation of MnO,

The processes during activation Act; and reactiva-
tion Act, are worth being studied in detail due to the
high activity enhancement. To recall, both activa-
tions have been carried out by cycling 20 times from
1.2 to 1.7V vs. RHE with a scan rate of 5mVs™.
The course of the CV for all MnO, samples is dis-
played in figure 7.9, the inset plots show the same
graphs, but a more detailed view of the O, evolution
onset.

After Act,, all samples show typical behaviour for
CV curves, rising to the maximum j and decreas-
ing with lower applied potential at lower j than
before. All samples also decrease in their maximum
current over the cycling duration, as it is visible
due to the colour mapping. After reduction at 0.8V
vs. RHE and a second activation step Act,, the

behaviour of the catalysts changes to increased cur-
rent densities—after reaching the maximum—on
the back way from 1.7 to 1.2V vs. RHE. Similar
to activated samples after Act;, the current density
decreases over cycling duration.

As already stated during the LSV evaluation, the
current densities increase at the same applied poten-
tials along with a shifted onset regarding the O, evo-
lution. Mn,0O3 after Act; in figure 7.9c shows very
low degradation during cycling, same behaviour is
again observed for MnO, after Act, in figure 7.9f.

To compare the degradation of the current density
over cycling duration, the j values at an arbitrary
potential of 1.6V vs. RHE have been evaluated
for every cycle on each sample. Figure 7.10 dis-
plays these values along with an exponential fit
of the data to investigate a linear region of the
current density, i.e. a saturation value of the activa-

tion/reactivation process.

In figure 7.10a, MnO, after Act; is compared,
revealing similar behaviour for MnO (0.07 to
0.01 mA cm™2) and Mn,05 (0.10 to 0.02mA cm2)
with rapidly decreasing in j at 1.6V vs. RHE for the
first 4 to 5 cycles, flattening out until cycle 8 and
10, respectively, and then staying more or less con-
stant until cycle 20. After Act;, no finished charging
process is observed. The behaviour is slightly dif-
ferent for MnO, (0.11 to 0.04 mA cm™), starting at
higher j initially, decreasing rapidly after 3 cycles,
and staying constant for the residual cycles 5 to 20.
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1.5to 1.7V vs. RHE.
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Figure 7.10: Current density at 1.6 V vs. RHE during the activation Act, (a), and reactivation Act, (b), given for each
cycle and fitted exponentially to investigate a saturation current density. Both activation processes have been carried
out for 20 cycles from 1.2 to 1.7V vs. RHE with 5mV s}, using 0.1 M KOH as electrolyte.

After Act,, displayed in figure 7.10b, the overall
behaviour of MnO, changes significantly. All sam-
ples show higher activity in the investigated region.
In contrast to MnO and Mn,0s, the activity of MnO,
(0.23 to 0.27 mA cm2) is slightly enhanced over cy-
cling duration, with increasing j up to cycle 5 and
staying constant for the residual cycling. Mn,O4
(0.16 to 0.07 mA cm?) reveals the overall lowest Js
decreasing more rapid in the first 4 cycles, reaching
a plateau from cycle 7 to 11, further decreasing
afterwards. In comparison, high current densities
are achieved by MnO (0.85 to 0.67 mA cm2), show-
ing inconsistent behaviour, jumping £0.05 mA cm,
before flattening from cycle 16 to 20. The charging
process might not be finished in MnO.

The process of activation is mainly associated
with the oxidation of MnO, towards Mn'V species
[93, 92]. The almost instantaneously flattening of
the current density in MnO, during Act, indicates
full conversion of Mn species in other oxidation
states towards Mn' during the previous cycling.
Partially reduced species during the CA at 0.8V vs.
RHE may be converted quickly during the first cycles
or not be reduced at all during CA. The highest
activity during Act; for MnO, is associated with

the highest initial amount of Mn'V on this sample.
This is conclusive with the decreasing activity with
decreasing Mn oxidation state.

The early flattening region of Mn,03 during Act;
is associated with the high temperature deposition
hindering oxidation of the Mn species on the sam-

I conversion

ple, similar to the lower rate of Ni''/Ni
in the high temperature NiO, samples. During re-
duction at 0.8V vs. RHE, Mn30, is suspected to
be formed on the samples which is more voluntary
oxidized towards Mn" during Act,.

MnO however, exhibits very low current densi-
ties at first due to its low overall oxidation state,
but also gives a relatively high current response at
low potentials for the first cycle and reveals steady
decrease of j at 1.6V vs. RHE, indicating gradu-
ally formation of catalytically active Mn"V species
during the activation. The CA at 0.8V vs. RHE, in
contrast to the other MnO,, gives rise to oxidation
towards Mn3O, of residual Mn'! species on the sam-
ple, resulting in high activity during Act, due to

the oxidation of made available Mn'!

species. As a
consequence, MnO does not exhibit an equilibrium
j during Act, (see figure 7.10b) because of further

oxidation of the Mn species.
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Capacitance of MnO,

The EDLC has been evaluated in the same region
and in the same manner as NiO, before, presenting
the results in figure 7.11. CV was measured in a
potential range of 1.02 to 1.12V vs. RHE with scan
rates of 10 to 250mVs™!. Several approaches to the
EDLC investigation can be found in literature, e.g.
cycling at 0.9 to 1.3V vs. RHE with scan rates be-
tween 5 to 100mV s~ for Mn,O3 and Mn30,4 [167],
or cycling with the same scan rate from 0 to 1V
vs. RHE to evaluate MnO, as supercapacitor [142].
The EDLC of Mn30, has also been investigated by
cycling between 0 to 0.8V vs. RHE with 50mVs™*
[168].

To generate consistency in the evaluation of the
TMO in this work, the same region as for NiO, has
been chosen, the current value of the 5T
a potential of 1.07V vs. RHE (see dashed lines in
figure 7.11a to c) is plotted against the scan rate. A

cycle at

linear fit of the obtained current values is used to
determine the capacitance as the slope of the fit, as
it is displayed in figure 7.11d.

The general shape of the CV curves of MnO and
MnO, is similar, revealing a flat shape for low sweep
rates, especially for 10 and 20 mVs™* and a constant
oxidation current as a consequence. More peculiar
at higher scan rates, the oxidation current rises until
ca. 1.06V vs. RHE, merging into a relatively lin-
ear I response until 1.12V vs. RHE. The reduction
current on the other hand decreases exponentially
until ca. 1.09V vs. RHE and further linearly for the
remaining E. Overall, this behavior seems more pro-
nounced for MnO, also due to the higher oxidation
and reduction currents achieved.

In comparison, the overall I response by Mn,O3 is
ca. 10 times lower than MnO. During the oxidation,
Mn,03 does not reach a flattening current plateau,
but increases to the maximum value at E =1.12V
vs. RHE. When reduced, Mn,O3 exhibits a much
narrower exponential current drop until ca. 1.15V

vs. RHE, before the linear region starts. All MnO,

posses a higher reduction current response with a

trend towards even lower currents at decreasing E.

By plotting I at E = 1.07V vs. RHE against the
scan rate as described above, a linear fit is applied
to calculate the pseudo-capacitance of MnO, for the
anodic (charge) and cathodic (discharge) curves.
Due to the overall low I achieved by Mn,0s, a fairly
low Cg of 66 (anodic) and 60 pF (cathodic) is calcu-
lated. It is noted once more, that the EC evaluation
of Mn,0O3 has been conducted on a lower geomet-
rical surface area. The highest C, is reported for
MnO with 741 yF on the anodic branch, but only
671 uF based on cathodic currents, creating a Cy
redox difference of 70 uE MnO, has an anodic Cy
of 541 and 493 yF for the cathodic, respectively,
resulting in a difference of 48 uF.

Taking the RMS values of both branches and cal-
culating the EDLC in regard to the geometrical sur-
face area, more comparable results are obtained.
The intrinsic C4 of MnO is calculated to 1379 and
MnO, to 1031 yFem™2. Mn,Os still has low Cy
of 164 yFcm™2. Mn,O3 has been synthesized by
annealing MnO, at 600 °C for 1 h after deposition,
resulting in a difficult to compare surface structure
in regard to the other MnO, samples. Still, when
comparing the other two MnO,, a higher Cy is
reported for the cycled MnO.

Looking at the CV results in figure 7.7, a low I re-
duction peak has been observed in the investigated
region for the EDLC, consistent with the CV shapes
at different scan rates in this area. For a more reli-
able result, a region with less pronounced current
changes, i.e. redox processes, such as 1.35 to 1.45V
vs. RHE, could have been evaluated. Overall, the
I response on the positive and negative sides are
not symmetric, resulting in major value differences
regarding the EDLC. The investigated MnO, sam-
ples, as a consequence, may not be suitable as EC
super-capacitor material [169]. The non-perfectly
rectangular shape of a MnO, electrode has been
associated with polarization resistance [170]. Not
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Figure 7.11: CV data of deposited MnO (a), Mn,03 (b), and MnO, (c), recorded in 0.1 M KOH from 1.02 to 1.12V
vs. RHE with scan rates of 10, 20, 50, 100, 150, 200, and 250 mV s~! to obtain the EDLC according to EC(I). EDLC
evaluation (d), data based on the current value of CV at 1.07 V vs. RHE. The capacitance is approximated with a linear
fit of the oxidation and the reduction current values for MnO (navy), Mn,O3 (blue), and MnO, (cyan).

only due to this characteristic behaviour, but due
to previous results from literature, observing for-
mation of MnO, species during cycling of MnO,,
MnO, along with residual Mn,0Os5 is suspected to be
the main MnO, phase during determination of the
EDLC [93, 92].

The efficiency of MnO, as pseudo-capacitors is
further reported to decrease with growing film thick-
ness, indicating that bulk material is not addressed
electrochemically due to slower ionic transport or
non-free diffusive protons [170]. This is important
to consider, since the films in this work consist of
ca. 10nm thickness. Toupin et al. [170] investi-
gated the chemical change of MnO, films with vary-
ing thicknesses with XPS and concluded a chemical
change only for thin films. Their results indicate

the presence of Mn'! and Mn!" species as the re-
duced and oxidized form, respectively, in a E range
relevant to the evaluation in this work. Further-
more, they concluded the involvement of the ionic
species in the electrolyte in the charge storage mech-
anism of surface MnQO,. For this work, using KOH
as electrolyte, a reaction mechanism is formulated
as following:

(MnOZ)surface + K+ +e < (MnOZ_K+)surface
(7.2)

In contrast, the reaction in the bulk material,
where intercalation of H* is assumed to be the
charge storage mechanism, a reduction of the Mn'v
to Mn' is suspected to occur [170, 171].
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MnO, + H* + e <— MnOOH (7.3)

Based on previous observations and reactions, the
low C 4 in deposited Mn,Os is attributed to low in-
teraction of the surface species, since it has been
associated to be the main mechanism for charge
storage. Several theories can be developed based
on this observation. The annealing step towards
synthesis of Mn,05 prevents the sample from form-
ing the MnO, species active during storage. In XPS
evaluation, a fairly low amount of oxygen induced
defects has been observed for thin films of Mn,03
in contrast to MnO, which may be one factor for the
Mn,03/MnO, conversion during cycling, giving re-
spect to the literature observation, that all MnO, are
oxidized to Mn,O3 above 0.9V vs. RHE in alkaline
environment [93].

7.3 Chemical Composition after EC

After activity characterization, a second XPS mea-
surement of the three MnO, samples was conducted
to investigate the chemical change during cycling in
0.1 M KOH. As already discussed in the beginning of
this chapter, a survey spectrum was recorded for a
first view of each sample (see figure 7.12) and after-
wards high resolution detail spectra of the core level
peaks Mn 2p, Mn 3s, and O 1s. In the survey, the
species on the sample were assigned to manganese
and oxygen mostly, with residual potassium and
carbon present due to the contact with electrolyte
(KOH) and the atmosphere, respectively, along with
gold from the substrate, as it was already detected
on all samples before EC (see figure 7.1).

Mn 2p: The Mn 2p region was used to determine
the oxidation state and as such the main oxide phase
in the cycled MnO, samples. The detail spectra after
EC are depicted in figure 7.13, the results of the
satellite-peak distances are available in table 7.6.

Evaluation of MngC results in a new AE2p, , of
11.1 eV, matching well with the literature results for

MnO, (lit.: 10.0 to 11.2eV) [153, 154]. Similar

v
EC’

a AE2p;,, value of 11.2 and 11.0 eV, respectively.

results are obtained for Mng. and MMny/., giving
From the AE2p,,5, Mn3O,4 can be suspected to be
the main phase, since a peak distance of 11.3eV
is reported by ref [154],but a closer look reveals
this is not conclusive with their cited values of 10
to 10.5 eV. More available literature and the corre-
sponding citations indicate the presence of MnO, at
this distances.

Mn 3s: For further analysis of the main phase,
again the Mn core level peak Mn 3s is taken into
account and the BE distance AE3s used for identi-
fication. High resolution detail spectra of the Mn
3s region are displayed in figure 7.14. For MngC
and Mn{EVC, the Au 4f peak was deconvoluted with
a Au 4f line shape in the same manner discussed
earlier. To not falsify the values, no Mn line shape
was used for peak fitting, instead one GL peak was
allowed for each Mn 3s peak. To determine the
AE3s values, the Au 4f peak is neglected and the
maximum values of the GL curves attributed to the
Mn species is considered.

The HBEP was found at 87.6 (Mny.), 87.3
(Mngg), and 87.5eV (Mny,), giving rise to peak dis-
tances of 3.9 (LBEP: 83.7¢eV), 3.8 (LBEP: 83.5¢eV),
and 4.0eV (LBEP: 83.6eV), as listed in table 7.6.
Gorlin et al. [153] note minimum AE3s values of
4.5 eV for MnO,, indicating a non-perfect fit of the
Mn 3s regions overlapped by the high intensity Au
4f peak. More peaks for deconvolution might be
helpful to receive more matching values, but would
have falsified the results immensely. Mn' is sus-
pected to be the main species in all MnO, samples
after EC by deconvolution of the core level peak Mn
3s. Recall, that the suspected phase with the help
of the AE2p, , value was Mn30O,.

O 1s: The O 1s region was investigated again
to observe the permanent changes in the oxidic
components, such as metal hydroxide species, and

to deconvolute the adsorbed carbon oxide species
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Figure 7.12: XP survey spectra of MnO, after EC, namely I\/Ingc (chartreuse), Mngc

bt (khaki), and Mn[.. (maroon) in a

BE range of 0-1200 eV. From left to right following peaks can be identified: oxygen Auger peaks O KLL at ca. 994
and 974 eV, manganese Auger peaks Mn LMM at ca. 947, 903, and 854 eV, manganese core level peak Mn 2s at ca.
771 eV, manganese core level peak Mn 2p at ca. 654 and 642 eV, oxygen core level peak O 1s at ca. 530 eV, potassium
core level peak K 2s at ca. 377 eV, gold core level peak Au 4d at ca. 353 and 335 eV, potassium core level peak K 2p at
ca. 295 and 292 eV, carbon core level peak C 1s at ca. 284 eV, manganese core level peak Mn 3s at ca. 88 and 84 eV,
and manganese core level peak Mn 3p at ca. 50V [108].

Table 7.6: XPS values for Mn AE2p,,, and Mn AE3s
splitting for the deposited MnO, samples after EC mea-
surements for 3 h in 0.1 M KOH, obtained in this work.
The used literature suggest 10.0 to 11.2eV for AE2p; 5,
and ca. 4.5eV for AE3s [153, 154].

Sample AE2p;,, (eV) AE3s (eV)
Mng. 11.1 3.9
Mn. 11.2 3.8
Mng. 11 4.0

for a stoichiometry check. Figure 7.15 presents the
deconvoluted XP detail spectra of the core level peak
O 1s for all MnO, samples. The data is subtracted
with a Shirley BG and deconvoluted by GL curves.
Metal oxide species were allowed at 529 to 530 eV
with a FWHM of 1.0 £0.2 eV, hydroxides at 530.5
to 531.5eV with a FWHM of 1.0 to 2.0 eV. Organic

carbon oxygen species are expected at 531.5 to
533 eV fixed at the same FWHM as the hydroxides.

The O-Mn“ species are present at BE values of
529.7 (Mng.) and 529.5eV (Mng. and Mng.), at
FWHM values of 1.1 eV for Mng/Mny/., and 1.2 eV
for Mng. Peak area integration results in 80.1,
77.4, and 60.3 at-% of lattice oxygen species in

II I v
Mng., Mng., and Mng..

Metal hydroxides are present at 531.2 and
530.8 eV for Mng,. and Mnj./Mny., respectively, at
FWHM of 1.4, 1.6, and 1.8 eV. The atomic concentra-
tion via peak area integration results in 17.7, 17.5,
and 39 at-% for Mng., Mng., and Mng.. Small
amounts of adsorbed carbon oxide species along
with adsorbed or intercalated H,O are determined
as following: In MngC at 532.8 eV with a concentra-
tion of 2.3 at-%, in Mng. at 532.5 eV with 5.1 at-%,
and in Mn}ﬁvC at 532.9 eV with 0.8 at-% concentra-

tion.
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Figure 7.13: XP detail spectra of Mn core level peak
Mn 2p after EC in a BE range of 670 to 635eV. Mngc
(chartreuse), Mnj (khaki), and MnY. (maroon) are dis-
played. The BE areas of the 2p, , satellite, Mn 2p; ,, and
Mn 2ps,, are indicated by grey boxes. The important BE

positions of the peaks are given.

Evaluation of the Mn/O stoichiometry after EC

To evaluate the Mn/O stoichiometry once again, not
only the lattice oxide, but also the new hydroxide
peak (metal hydroxide M—-OH) in the O 1s region
(see figure 7.15) has to be considered. Similar to the
stoichiometry investigation of the freshly sputtered
samples, the peak areas had to be corrected with
the corresponding SE T, and IMFP values, directly
taken from the software CasaXPS, presenting the
results in table 7.7. To determine the amount of
MnO,, again the Mn 3p region has been used, being
displayed with the corresponding corrected peak
area values in figure

Residual KOH was visible in all XP spectra as K
2p3,, peak at ca. 292.2 to 292.4eV [108], which
has to be considered for stoichiometry calculations,
implying each potassium atom on the sample is
bound to one OH-group in the O 1s region. As a
consequence, the corrected peak area of K is sub-

tracted from A, (O-H), resulting in new values for
the formed metal hydroxides, as presented in table
7.8.

The peak area A, (Mn—0O/0OH) is now compared
to both A.,,(O—Mn) and A, (O—H), to obtain the
manganese stoichiometry on the sample. Mn(OH),
reveals a stoichiometric relation of one Mn atom to
two OH-groups, so if all manganese hydroxide in the
sample is present as Mn(OH),, the concentration of
these hydroxide species can be calculated. Obtained
knowledge about the metal hydroxide species finally
allows evaluation of the correct Mn/O ratio, con-
sidering lattice oxide species. All these values are
summarized in table 7.9, with the corresponding
relevant peak areas and calculated concentration
and ratio.

The amount of manganese used to form the esti-
mated Mn(OH), species is subtracted from the Mn
3p peak area and the relation to the full Mn amount
gives the concentration on the samples. Subtracted
Mn 3p region is than calculated against the amount
of lattice oxygen in the O 1s region to determine
the Mn/O ratio. While ca. 91.3 % of the OH species
in Mngc are attributed to residual KOH on the sam-
ple, a low concentration of only 2.2 % is found on
this sample. In comparison, the concentration of
Mn(OH), was determined to 26.9 and 58.2 % on
Mng. and Mng.. Recalling that all samples were cy-
cled for the same amount of time, these results vary
a lot. While MngC does form nearly no hydroxide
species, Mng. converts around 1/4 of its MnO, into
Mn(OH),, and Mny. doubles this amount to half
conversion of Mn oxide to hydroxide species.

An evaluation of the Mn/O ratios results in 0.42,
indicating Mn!V as the main species, as it was as-
sumed based on the literature data of the AE3s
multiplet splitting distance (3.9 eV compared to
4.5eVinref [153]). It is mentioned herein, that the
amount of K found on this sample is relatively high,
as it is observed in figure 7.17. Studies on Ko-MnO,4
by Biesinger et al. [152] revealed a shoulder of the
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Figure 7.14: XP detail spectra of Mn core level peak Mn 3s after EC in a BE range of 79 to 93 eV. MnO, samples

deposited on Au with the main oxidation phase of Mn]. (a), Mn{

c (b), and Mn:;é (c) are displayed. The spectrum is

subtracted with a Shirley BG, the peaks are deconvoluted with line shape curves to obtain the gold core level Au 4f

(dark yellow) and GL curves for Mn 3s region (dark cyan).

Table 7.7: Raw area values and corrected Area values A, determined with XPS, evaluated for the core level peaks
Mn 3p and O 1s. The correction has been done in regard to the SF, T, and IMFP values directly with CasaXPS.

Sample Raw A(Mn 3p) A.(Mn—-0O/OH) RawA(O1ls) A,,;(O-Mn) A.,,.,HO-M) A, (0O-C/H,0O)
Mnf. 4470.36 3293.39 24103.07 7612.61 1679.52 214.37
Mng¢ 4763.19 3509 31080.26 9486.14 2146.82 624.97
Mng/, 5063.23 3729.85 30489.47 7248.01 4685.61 91.75

LBEP in the Mn 2p region at a BE lower than 642 eV
which is most prominent in obtained Mn 2p5 5 peak
of the MngC sample in figure 7.13. Stoichiometric
evaluation of this theory is close to impossible, since
the amount of K;MnO, can hardly be estimated due
to the anyway unclear shape of the Mn 2ps /5 peak;
along with the low resolution of the K 2p; » peak in
the spectrum which forbids evaluation of the K-OH
and corresponding K-O-Mn species.

Considering K,;MnO,4 on the sample with 100 %
of present potassium being involved, MngC would

exhibit a Mn(OH), concentration of 25.4 % along

I
EC

in regard to the metal hydroxide content, but still

with a Mn/O ratio of 0.37, being very close to Mn

revealing unclear stoichiometry when it comes to
the manganese to oxide ratio.

However, the presence of K;MnO,4 lowers the cal-
culated amount of KOH, resulting in higher values
for Mn(OH), and MnO,. In K;MnO,4, manganese
occurs as Mn"!, giving rise to lower values on the
AE3s splitting. On the other hand, Mn'™ species
are reported to form a peak shoulder at ca. 641 eV.
Since the obtained shoulder is not clearly a discrete
peak, this possibility has to be considered, also with
respect to the assumed main phase of Mn3;0,4 due
to the obtained AE2p, /, splitting.

In MnglC and Mn}avC the obtained ratios are 0.27

and 0.22, respectively. A ratio of 0.25 is consid-
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Figure 7.15: XP detail spectra of oxygen core level peak O1s after EC in a BE range of 527 to 535eV. MMn:E'C (a),

1
Mngc

(b), and Mn'E\é (c) are displayed. The spectrum is subtracted with a Shirley BG, the peaks are deconvoluted with

GL curves to obtain the surface oxygen bound to Mn in the main phase (dark cyan) and in a minor phase (olive), as

well as oxygen vacancies (purple).

Table 7.8: Raw area values and corrected Area values
A o determined with XPS, evaluated for the core level
peaks K 2p;/, to subtract the amount of KOH of the
OH species in the O 1s region. The correction has been
done in regard to the SF, T, and IMFP values directly with
CasaXPsS.

Sample RawA(K 2p3/5) Ao (K 2p3n)  Aco(HO-Mn)

Mnj 3160.88 1532.69 146.83
Mny 535.68 259.74 1887.08
Mng/, 716.07 345.68 4339.93

ered, resulting in the assumption of MnO, clusters.
K,MnOy, is not considered on these samples due to
the low amount of potassium detected in the K 2p

region.

7.4 Raman Spectroscopy of MnO,

While XPS usually is a powerful tool to investigate
the structure of amorphous thin films, this is pe-
culiar difficult for MnO, due to the various results
in literature regarding the correlation of Epp and

oxidation state. The main phase of the catalysts
was determined with XPS without a clear statement
towards the side phases present. Therefore, SER
spectra were recorded on the as deposited films on
Alggep-

The recording of Raman spectra was described
detailed in section 4.7. They were acquired with
respect to observations in literature regarding the
thermal reduction of higher oxidized MnO,. Mn,05
is described as one of the most sensitive MnO, to-
wards thermal decomposition due to irradiation
with laser light. Therefore, the sample was illumi-
nated with the highest available ND filter to tune
the intensity of the laser beam to ca. 0.1 mW, recall-
ing that Mn,O3; was observed to be stable at 1 mW
of 633 nm irradiation [87].

The RS spectra of the dry catalysts were recorded
within ca. 10 min after contact with atmosphere to
prevent atmospheric oxidation. Figure 7.18 displays
In CasaXPS§,
the obtained spectra were subtracted with a cubic

the results of these measurements.
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Table 7.9: Corrected peak area values A, determined with XPS, evaluated based on the manganese core level
peak Mn 3p and the oxygen core level peak O 1s. A ., (Mn—OH) has been calculated by dividing A,,.(O—H) by 2,
A oir(Mn—0), by subtracting A ,,,(O—H) of Ao, (Mn—OH).

Sample A.,,(Mn—-O/OH) A.,(Mn-OH) A.,Mn-0) c(Mn(OH),) (%) Mn-0/0-Mn
Mng. 3293.39 73.42 3219.97 2.23 0.42
MnlL 3509 943.54 2565.46 26.89 0.27
Mng. 3729.85 2169.97 1559.88 58.18 0.22
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Figure 7.16: XP detail spectra of Mn core level peak Mn
3p after ECin a BE range 43 to 57 eV. MngC (chartreuse),
Mnlt (khaki), and Mn{Y. (maroon) are displayed. The re-
gions are subtracted with a Shirley BG and the peak areas
A o corrected for the sensitivity factor SF, transmission
factor T, and inelastic mean free path IMFP, are given.

spline to remove the fluorescent BG, normalized to
the highest peak, and fitted with Lorentzian curves,
considering two adjusting parameters, the intensity
and the FWHM.

A correlation of the RS spectra of MnO, and
the polymerisation degree, described by the edge-
sharing of MnOg octahedra, was found by Julien
et al. [83]. Generally, a Raman spectrum is char-
acterized by two distinct, relatively intense marker

modes, describing the A, Mn—O vibrations in a

Binding Energy (eV)

Figure 7.17: XP detail spectra of carbon core level peak C
1s after ECin a BE range 280 to 294 eV Mngc (chartreuse),
Mngt (khaki), and MnY. (maroon) are displayed.

MnOg octahedra, shifting based on the edges shared
per octahedra. The highest Raman shift is observed
for 3-MnO,, sharing two edges per MnOg, the low-
est in MnO with eight edges shared [83]. In man-
ganese dioxides, these modes are denoted as A,(1)
and A4(2) in accordance with An et al. [94], who
attributed these vibrational modes to the motion
of oxygen parallel and perpendicular to the basal
plane.

MnO: The SER spectrum of MnO in figure 7.18a
reveals two intense peaks at 569 and 659 cm™! with
a medium feature overlapping in between at 619
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Figure 7.18: SER spectra of the as deposited MnO, right after deposition. The figure displays MnO from 200 to
1000 cm™! (a), Mn,03 from 250 to 950 cm™! (b), and MnO, from 200 to 1000 cm™. The spectra were subtracted
with a cubic spline to remove fluorescence, normalized, and fitted with Lorentzian curves. The wavenumbers of the

corresponding vibrational features is given.

cm™!. Two weaker peaks are located at 330 and
794cm ™. !
tributed to the A; Mn—O stretching mode of the
Mn! cations [83]. Compared to other MnO, the
low wavenumber of this peak arises due to the
high amount of shared edges of the MnOg octa-
hedra. In 99.9 % MnO powder, this peak is located
at 531 cm™, indicating low long-range order in

The strongest peak at 569 cm™ " is at-

the amorphous films and presence of higher coordi-
nated MnOg octahedra in the film.

The vibrational modes at 619 cm™" (lit.: 591 to
595cm™!) and 659 cm™! (lit.: 645 to 654 cm™!) are
also assigned to MnO [83, 86]. The high wavenum-
ber band at 794 cm™! can not be associated with
low coordinated MnOg octahedra, since the high-
est reported wavenumber for this is 750 cm™ such
as in B-MnO, [83]. It is therefore attributed to
v(0O—0) surface peroxo species that occur in the
750-920 cm™! region [140]. The 330 cm™! mode
arises due to an overlap of a weak MnO signal and
two overlapping signals at ca. 315 and 370cm ™, a
contribution of higher oxidized MnO,, as bands in
this region arise for Mn3O4 and Mn,03 [86]. These
species contribute unclearly to the feature at ca.
650cm™?.
500cm™! (lit.: 485cm™2 in Mn3O,) further sup-
ports previous assumptions regarding the observed
side phase [86].

The very weak signal between 400 to

Mn,03: The RS spectrum of Mn,O3 in figure
7.18b is dominated by two overlapping bands
at 660/661 cm™! and a broad peak at 594 cm™.
Smaller features are observed at 322, 371, 709 and
835cm™ L.

The peak at 594 cm™ is seen as the characteristic
in-plane Mn—O stretching mode of o-Mn,053. The
spectrum of a-Mn,Os in literature reveals a striking
three band profile at 594, 661 (with bigger FWHM),
and 709 cm™! (lit.: 592,645, and 698 cm™!), along
with a signal at 322 cm™! (lit.: 314cm™?) [83]. The
additional narrow peak at 661 cm™! is attributed
to Mn30,, also giving rise to the broad feature at
371cm™ (lit.: 365 to 374cm™!) and a small vibra-
tional mode at ca. 485cm™' (not deconvoluted),
resulting in a high FWHM of the «-Mn,O5 in-plane
Mn—O stretching mode at 594 cm™ [86].

The formation of Mn3;0,4 on the sample is not ex-
pected to occur under the laser light, but much more
due the annealing of the sample for 1h at 600 °C
in Ar atmosphere before. The Mn3;0,4 peak at 648
to 659 cm™! is characteristic for spinel structures,
corresponding to the Mn—O breathing vibration of
manganese ions in tetrahedral coordination, involv-
ing motion of oxygen atoms only [83]. The small
but broad band at 835cm™! is again associated
with an O—O stretching mode of surface oxygen
[140]. The shift to higher wavenumbers compared
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to MnO is due to higher bond order (leading to
lower bond distance) between the oxygen atoms in
Mn,0;5 [140].

MnO,: Three main marker peaks are visible in
the SER spectrum of MnO, in figure 7.18¢c, the most

intense at 598 cm™*

, accompanied by two medium
bands at 500 and 635 cm™2, and smaller signals at
407 cm~! and 718 cm™!. As we know from XPS, the
main phase present is in fact MnO,, along with a
small amount of other oxidized MnO, species, there
are still at least six modifications possible for MnO,
to form a solid film. The deconvoluted three marker
modes at ca. 500cm™?, ca. 570-590cm™', and
ca. 630-650 cm ™! are characteristic for manganese
dioxides, and more precise attributed to 5-MnO,
[86, 172]. The 598 cm™! peak corresponds to the in-
plane Mn—O stretching vibration (Ag(1)), and the
two bands at 500 and 635 cm™ to the out of plane
Mn—O vibration (Ag(2)) of the MnOg octahedra
[172, 94].

The previously considered 3-MnO, is not present
here due to the missing intense peak at ca.
660 cm™. The synthetic spinel type y-MnO, has
a only one sharp feature at 596 cm™" and no addi-
tional peak above 646 cm™! [83]. However, y-MnO,
exists with 3-MnO, intergrowth, revealing a A,(1)
marker band at ca. 572 [173]. As stated above,
the main modes at 598 and 635 cm ™! belong to the
Mn—O stretching vibration of the MnOg octahedra
and depend on the average number of shared edges.
The SER spectral resolution is not sufficient to state
a clear modification of MnO,, in fact, it is likely for
the sputtered layers to reveal several combinations
of manganese dioxide. Only three mineral man-
ganese dioxides contain RS modes above 700 cm™*
(nsutite, romanechite, and birnessite), and deduced
from the general shape of the SER spectrum, -
MnO, is most likely [83].

5-MnO, (synonym of the mineral birnessite) con-
sists of layers of MnOg octahedra with a vacancy in
every sixth site, containing more or less hydrated

Mn™ cations [83]. The presence of Mn'! in MnO,,
is known to greatly enhance the catalytic activity
[174]. Chan et al.
presence of Mn'!

[172] stated the remaining
in OER active films along with a
lowering of the Mn—O bond coordination number.
Further, the three major modes of 5-MnO, are not
fixed and differ based on the amount of vacancies
in the MnOg octahedra, and the out of plane Mn—0
mode above 630 cm™! was reported to blue shift
based on the amount of point defects [173, 94].

7.5 Operando Raman Spectroscopy of MnO,

Thin films of MnO, have been studied under work-
ing condition in 0.1 M KOH in a potential range
relevant to the OER. After being mounted in the in
situ Raman cell, the catalyst were cycled 50 times
at 1.0 to 1.5V vs. RHE with 100mVs ™ for sur-
face conditioning. Afterwards, a potential of 1.0V
vs. RHE was applied for at least 10 min to reach a
stabilized surface conditioned (monitored by CA).
For operando measurements, the potential was in-
creased in 0.05V steps towards 1.70V vs. RHE,
holding the potential for 5 to 10 min before apply-
ing Raman spectroscopy. The discussed spectra in
this chapter are the average of 20 measurements
with 3 to 5s irradiation time (see section 4.7 for
details).

All operando spectra of the respective MnO,
phases are displayed in figure 7.19, along with
deconvoluted spectra at 1.10 and 1.70V vs. RHE
beneath for detailed comparison of band shifts. All
spectra have been subtracted with a cubic spline to
remove the fluorescent background, and have been
normalized to the highest peak. The operando spec-
tra are stacked, and the most important bands are
indicated by vertical dotted lines. To address the
observed activity changes after reduction at 0.8V
vs. RHE, to MnO and Mn,03 CA has been applied
for 30 min at the same E. The deconvolution of the

recorded spectra are presented in figure 7.20 and
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Figure 7.19: SER spectra MnO, under working condition. The figure displays (a), Mn,0O3 (b), and MnO, (c) from 250
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shall be discussed at given time in the following

sections.
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Figure 7.20: SER spectra MnO, at 0.8V vs. RHE. The
figure displays (a), Mn,03 (b), and MnO, (c) from 250
to 950 cm™!. The spectra were subtracted with a cubic
spline to remove fluorescence, normalized, and decon-
voluted with Lorentzian curves for 1.10 and 1.70V vs.
RHE below the stacked graphs. The wavenumbers of the
corresponding vibrational features is given.

MnO: The spectra in figure 7.19a displays the
deposited Mn' phase under working condition. A
spectrum at the OCP has been recorded, revealing

! along with

a prominent A, (1) peak at 587 cm™
additional peaks at ca. 608 and 661 cm™?, resulting
in similar structure as the dry MnO sample. The in-
tense 608 cm ™! mode is shifted to 582cm™! at 1.1V
vs. RHE, continuously shifting further to 597 cm™*
at increasing E, as revealed by the corresponding de-
convolution. In the operando spectra a feature arises
steadily with higher potentials at ca. 500 cm™!. De-
convolution presents this peak at 496cm™! at 1.1V
vs. RHE, slightly shifting to 488cm™ at 1.7V vs.
RHE.

At 1.1V vs. RHE, the A,(1) mode is located
at 582cm™!, along with a newly arised mode at
627 cm ™!, attributed to the A, (2) mode, indicating
MnO, type formation. Until ca. 1.4V vs. RHE, this

! as it was reported

mode shifts towards 642 cm™
to occur in 5-MnO, type structures, illustrating a
charging process of the catalyst, i.e. the introduc-
tion of point defects [94]. An additional RS feature
is present at 868 to 875 cm™!, staying more or less
constant over the presented E range. On as de-
posited MnO and at zero applied potential, »(O—0)

1

was found at ca. 794cm™, therefore the struc-

ture change towards a MnO, type gives rise to
higher oxygen bond orders [140]. Consequently,
the suspected peroxo species in this range are not
influenced by an applied E, indicating no further
crystal-like structural change.

Figure 7.20a presents the reduced species after
30min at 0.8V vs. RHE, revealing a strong mode
at 588 cm™, along with two medium RS features
at 500, 627, and 883 cm™!. The overall location
of the vibrational bonds suggests MnO, type of the
catalyst with very weak Ag(2) vibration. The on-
going operando spectra at 1.1 to 1.7V vs. RHE are
unaffected by the reduction process and are there-
fore not shown here. Due to this observation, a
change of the surface structure towards a hexago-
nal (1 x oo) layered structure at potentials above
1.0V vs. RHE is stated, giving rise to the A;(2) vi-
bration attributed to oxygen perpendicular to the
basal plane [83, 94].

Mn,03: The OCP spectrum of Mn,O5 in figure
7.19b has very low Raman intensity, observed due
to the high BG noise. Deconvolution of the spec-
trum reveals at least two overlapping features of
similar intensity at ca. 383 and 458 cm™!, two over-
lapping bands at ca. 663 and 751 cm™, and a 0—0

stretching mode at 881 cm™.

The spectrum was
probably recorded during a phase transformation
from the deposited a-Mn,05 towards a MnO,, type

1

structure, as a new feature arises at 458 cm™ " and

above 700 cm™!.

At 1.1V vs. RHE, the main Ag(l) peak is located
at 606 cm™!, accompanied by a weaker Ag(2) fea-
ture at 654cm™!, along with three weak signals
at 284, 377, and 481 cm™!, as well as a »(O—0)
mode at 882 cm™'. Based on the observed bands, a
0-MnO, structure is concluded as main phase [172].
The slightly shifted A;(1) peak is suspected to rise
above 600 cm™! at lower E due to an influence of
the as deposited o-Mn,O5 structure and their main
feature at higher wavenumbers.
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With rising E, the A,(2) mode at 654 cm™" smears
out and ends at 657cm™! at 1.7V vs. RHE. The
Ag(1) mode red-shifts slightly to 594 cm™, indicat-
ing higher distances between the MnOg layers in
5-MnO, [175]. The shoulder at 481 cm™! visibly
rises and blue-shifts to 494 cm™!. Due to the overall
peak locations at 1.7V vs. RHE, the catalyst reveals
a 5-MnO, structure with Ag(2) location well above
MnO at all potentials, indicating already charged
structure of the catalyst [94]. The introduction of
point defects during the charging mechanism cre-

111

ates Mn"™ species that are already present on the

deposited o-Mn,Os3.

The v(O—0) band remains constant at 882 cm™!

but rises relatively to the other vibrational features,
further lying at higher wavenumbers than the -
MnO, formed by MnO at 1.7V vs. RHE (871 cm™}),
indicating higher bond order of the peroxo species
[140].

The reduced «-Mn,O3 at 0.8V vs. RHE in figure
7.20b has similar shape as the MnO sample at the
same E. The main peaks is present at 591 cm™!, ac-
companied by smaller bands at 487 and 654 cm™!,
along with the peroxo feature at 882cm™. Com-
pared to MnO, the peak locations vary in maximum
13cm™!, and the 487 and 654 cm™! peaks reveal
less intensity relative to the main Ag(l) mode. Since
the A, (2) of the 3-MnO, formed by «-Mn,O5 shifts
only +3 cm™!, no additional point defects are ex-

pected to be introduced in the structure.

MnO,: The MnO, sample at 1.1V vs. RHE (see
figure 7.19¢) has a very broad main feature at
610 cm™? that consists out of two overlapping peaks
located at 599 and 667 cm™?, corresponding to the
Ag(l) and Ag(2) modes of 3-MnO,. At ca. 1.25V vs.
RHE the 610 cm™! peak splits visibly and a shoulder
arises at 681 cm™!, while the Ag(l) mode red-shifts
towards 568 cm™! at 1.7V vs. RHE. The vibrational
mode at 492 cm™! rises at a similar E, creating a
distinct feature at 479 cm™! until 1.7V vs. RHE.

Two v(0—0) stretching modes are visible, first
located at 867 and 971 cm ™, along with shifting
of the higher mode to 1025 cm™ at 1.7 V vs. RHE.
As a consequence, two types of peroxo species are
suspected on the catalyst with differing bond order
[140].

By comparison of the deconvoluted spectra, there
is no visible structural change in the deposited
MnO, sample in a potential range of 1.0 to 1.7V
vs. RHE, but a charging mechanism due to an es-
timated peak shift of +14cm™'. Additionally, the
charging cause the peroxo species at higher wavenu-
mebrs to smear out and blue-shift. Additionally, the
red-shift of Ag(1) is associated to the weakening
of the interaction between MnOg octahedra due to
expansion of interplanar spacing [175].

7.6 Permanent Structural Changes after EC

Investigated by Raman Spectroscopy

After having performed operando spectroscopy on
the samples, they were rinsed thoroughly with milli-
pore water and investigated once more ex situ under
the Raman microscope. For each sample, the pa-
rameters were set to the exact same settings as the
corresponding inspection of the as deposited MnO,.

The resulting spectra are depicted in figure 7.21.
The high fluorescent BG was removed with a cubic
spline and the resulting spectra normalized to the
highest vibrational mode. Lorentzian curves were
used to deconvolute molecular peaks.

The MnO sample after EC (figure 7.21a) reveals
four very similar vibrational features, two strong
at 595 and 651cm™!, and two weak signals at
331 and 489 cm™}, indicating MnO, shape. The
overall shape with a higher intensity peak at ca.
600 cm™!, coupled with a lower intense peak at ca.
650 cm™!, along with a weak feature ca. 500 cm™*
is characteristic for 3-MnO, [83]. The 331cm™!
may arise due to residual lower oxidized MnO,
species (Mn304/Mn,053) that also contributes to the
ca. 650cm™! peak deconvoluted. These features
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Figure 7.21: SER spectra of MnO, after EC. The figure displays MnO (a), Mn,05 (b), and MnO, from 200 to 1000 cm™.
All spectra were subtarcted with a cubic spline to remove fluorescence, normalized to the highest peak, and fitted
with Lorentzian curves. The wavenumbers of the corresponding vibrational features are given.

are residuals of the deposition and not converted
towards 5-MnO, during EC.

Similar RS pattern is visible in Mn,O5 (figure
7.21b) with two strong modes at 601 and 659 cm™?,
and weak bands at 331 and 448 cm ™. Additionally,
Mn,03 has a O—O stretching mode at 874 cm™
from residual surface or intercalated oxygen. Again,

the 331 cm™! is attributed to lower oxidized MnO,.

As it is observed by the amount of peaks assigned
in MnO, after EC, the sample classification towards
one MnO, type is rather difficult. Also, the Raman
activity is relatively low compared to the other sam-
ples after EC. The main 3-MnO, peaks are visible
at 498, 608, and 678 cm™!, but the 331cm™' of
the previously discussed MnO, is missing. Residual
species that arise at this wavenumber occur there-
fore as a consequence of the deposition of Mn!" and
Mn™. Instead, at 253 cm™!, one weak band arises
probably due to the overlap of two vibrations at
ca. 221 and 265cm™!, along with a new feature
at 401 cm™', that was already observed in the as
deposited MnO, in figure 7.18c. The RS spectrum
shows indication of additional vibrations at ca. 534
and 654 cm™!. Along with the 743 cm™! vibration,
a mixture of 5-MnO, and 3-MnO, is concluded for
this sample [173, 87].

Peroxide species in MnO,

In the operando spectra of MnO, in figure 7.19c,
splitting of the »(O—0) mode was observed above
1.0V vs. RHE, and is still visible after EC in the two
peaks at 852 and 941 cm™!. The O—O species are
classified as peroxo due to their occurrence below
1100 em™ [140].

In transition metal complexes, the v(O—0) vi-
bration of peroxo complexes lying in the 800 to
900 cm™! region, exhibits side-on structure, de-
scribing the coordination of two oxygen and one
metal atom in triangular formation. The v(O—0)

I and is

vibration in FeO, is reported at 946 cm™
rather good comparable to MnO,, since v(0O—0)
shifts based on the electron affinity of the metal
cation and reveals no designated M-O vibration
for this complex [176, 140]. The additional bond
is expected to occur based on the two different
MnO, type structure of the catalyst. Therefore, the
v(0—0) band below 900 cm™
8-MnO, structure and the v(O—0) vibration above

900 cm™*

is assigned to the

to surface oxygen of 3-MnO,.

The operando spectra of MnO and Mn,O3; were
classified as 5-MnO, type structures, showing the
v(O—0) vibration at wavenumbers from 868 to
882cm™.

these peaks at lower wavenumbers of 794 and

In contrast, the dry samples revealed

835cm™!, further supporting previous assumption.
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Based on the crystal structure, the peroxide in $3-
MnO, may be present due to intercalated H,O in
the (1 x 1) tunnels of the structure [83]. The shrink-
ing of the high region peroxo peak in MnO, is at-
tributed to a phase vanishing during OER, such as
an unclear manganese dioxide sidephase that was
not clearly assigned to in the inspection of the dry
sample.

7.7 Structure-Activity Correlation of MnO,

In a potential range of 1.0 to 1.7V vs. RHE, all inves-
tigated MnO, revealed MnO, character, based of the
results obtained by operando Raman spectroscopy.
An overall scheme of the MnO, processes in alkaline
media is illustrated in figure 7.22. The location of
the RS features and the nature of aqueous media
suggest 5-MnO, type for all samples, according to
all previously discussed literature references.

With obtained SER spectra of MnO, under work-
ing condition, one can rule out the OER mecha-
nism present in NiO,, that considers oxidation to-
wards oxyhydroxides at given potentials, since no
Mn—OOH or superoxide vibration was observed
on the catalysts. Further, the results support the
observations of An et al. [94], respecting a charg-
ing of 5-MnO,, resulting in a triclinic to hexagonal
structure transformation and the formation of point

111

defects, that introduce Mn™" in the sample.

1l [\
(Mn'"MnV),0,
1.0to 1.7V vs. RHE discharge
MnVO,

oxidation
1.0V vs. RHE

charge

reduction
0.8V vs. RHE

MnVVO,
Mn!=6/VQ_ /oxidation

Figure 7.22: Scheme of redox and phase transformation
processes of thin film MnO, in alkaline media.

The layered 5-MnO, consists of layers of MnOg
octahedra with layers of H,O in between. The struc-
ture transformation, i.e. charging of 5-MnO,, is

different for all catalysts, based on the shift of the
Ag(2) mode to higher wavenumbers at an applied
voltage. The shift during rising potential can di-
rectly be correlated to the oxidation observed for
MnO;, in figure 7.7a (CV of MnO,). On Mn,Os, al-
most no activation of the catalyst was observed as
current response in EC, and during operando Ra-
man, the A,(2) mode only shifts ca. +3cm™. A
more pronounced oxidation wave is observed for
MnO along with a peak shift of +15 cm™ results in

an earlier O, evolution onset.

The highest current response is revealed by MnO,
from 1.0 to 1.5V vs. RHE, giving rise to a peak shift
of +14cm™! in this potential range. The higher cur-
rent at lower E is correlated to the already present
MnO, structure, while other catalysts reveal para-
sitic MnO, species in the in situ Raman spectra at
1.1V vs. RHE. The splitting v(O—0) in the charg-
ing process observed in MnO, remains unclear and
might occur due to a vanishing side phase such as
B-MnO, during EC.

At this point it is stated, that stability measure-
ments of the MnO, have not been successful at a
relevant E above O, evolution. The continuous bub-
bling of the solution prevented recording of spectra
after ca. 15 to 20 min, based on the applied volt-
age. Long time measurements, to address all the
structural changes occurring during long-time cy-
cling could not have been achieved in this thesis. In
the EC results presented in figure 7.8, the change
of activity of MnO, based on the deposited sample
was monitored. While the reduction process was re-
traced with Raman spectroscopy, the activation and
the reactivation up to 1.7V vs. RHE can not be simu-
lated in the in situ cell due to bubbling. The sample
has to be activated/reactivated in the Zahner-cell
and monitored afterwards operando to further inves-
tigate the OER mechanism and gain insight on the
high performance MnO, that was achieved during

reactivation.
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With up to date modelling, hausmannite-like
Mn30, intermediates can be used to introduce Mn'"
that is specifically active towards the OER. It is
therefore suspected, that the reduction at 0.8V vs.
RHE after partly oxidation of deposited Mn'! is most

pronounced to form these Mn™!"

species, either due
to redox processes during cycling in alkaline media,
or due to the present Mn30,4 species after deposi-
tion. However, these are also present in deposited
Mn'', and no improvement of the catalytic perfor-
mance was observed here. The mechanism remains
unclear, and further operando studies have to be
performed to develop a solid model.

The degree of charging of 5-MnO, depends on the
deposited MnO, species. Deposition of Mn'! results
in moderate charging, based on the +15 cm™! shift
of the A,(2) band until ca. 1.4V vs. RHE. Mn!!
species reveal charged character already at 1.1V
vs. RHE and only blue-shift ca. +3cm™ until 1.7V
vs. RHE. The A,(2) mode in deposited MnV shifts
to highest wavenumbers (+14 cm™), resulting in
the lowest 1 at 0.1 and 5 mAcm 2. While the
charging shift remains present ex situ, MnO, can be
discharged at E = 0.8V vs. RHE reversible.

Further, the XPS and Raman results after EC can
be correlated. The amount of lattice bound hydrox-
ide (O;-H) species was found to differ in XPS. With
Raman spectroscopy, the peroxide vibrations were
attributed to surface oxygen or intercalated water
in the 5-MnO, layers. MnO after EC only revealed
traces of Mn(OH), on the surface (ca. 2.2 %), and
no peroxide vibration was present in the correspond-
ing Raman spectrum. The amount of Mn(OH), in
Mn,O3 was calculated to ca. 26 & with XPS and
a small band is detected in the corresponding Ra-
man spectrum, wile MnO, had over 58 % of O;-H
present, revealing two clearly observable peaks for
peroxides in the Raman spectrum. One has to keep
in mind, that the Raman spectra were obtained af-
ter an EC(II) type measurement, while XPS was
conducted after performing EC(I), addressing the
surface changes after longer cycling time. Record-
ing Raman spectra after EC(I) probably will give
better insight towards correlation of the spectra.
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8 Summary and Outlook

Towards the end of this thesis, key observations are given once more for the transition metal oxide systems

NiO,. and MnO,. Final considerations will provide an outlook towards further research in the exciting field of

catalysis operando studies.

8.1 NiO,

NiO, was synthesized by reactive magnetron sput-
tering and studied in regard to the substrate and
the deposition temperature. The species during
deposition have found to be independent of the
substrate used, in contrast to the sputtering tem-
perature, where higher temperatures of 600 °C re-
sulted in a defect-free NiO surface, proven by in situ
XPS. During electrochemical measurements in 0.1 M
KOH, an activity difference of the substrate was
found and an enhancement of the OER activity at-
tributed to Au support due to a charge transfer from
Ni cations to highly electronegative Au. Au coated
SS with deficient NiO, exhibited an outstanding 71
of only 369 mV at j = 10 mA cm™2. Defect-free sur-
faces revealed higher n at 10 mA cm™2 compared
to deficient NiO,. In a second XPS after EC, this
behavior was attributed to the higher formation of
Ni(OH), during contact with the electrolyte and
cycling duration on defect-free NiO, surfaces.

The capacitive behaviour of NiO, in regard to
the substrate, deposition temperature, and cycling
duration was studied in a potential region without
faradaic processes. The capacitance was found to
be up to 2 to 3 times higher for deficient NiO,,
decreasing with cycling duration due to the forma-
tion of Ni(OH),. NiOR!

SS/Au
of 457 uF cm™2, decreasing to 416 uF cm™? after ca.

reached a capacitance

150 min of cycling. The temperature dependence of
NiO, was studied in detail on Au, revealing a steady
decrease of capacitance with increasing deposition
temperature. The higher the defect states on the
surface, the less was the loss in capacitance during

cycling.

Operando Raman spectroscopy was used to study
the surface intermediates on NiO, before and during
O, evolution in alkaline media. With respect to
the observations in this work, the former kinetic
model of NiO, electrocatalysts for the OER has been
validated and further, the importance of deficient
structures towards high activity/low overpotential
due to the formation of both Ni''/Ni'" and Ni'!/Ni"V
oxidation steps has been introduced. In contact
with the electrolyte, the formation of Ni(OH), is
visible in the Raman spectra, further at potentials
of 1.35V vs. RHE the oxidation towards NiOOH,
accompanied by Ni"V species in a deprotonation
step at ca. 1.5V vs. RHE. The decreasing activity
at defect-free surfaces was investigated and with
Raman spectroscopy, a 10 times relatively lower
deprotonation towards NiOO™ was visible, being
attributed as the active species in the OER for NiO,.

8.2 MnO,

MnO, was deposited on Au with reactive magnetron
sputtering, assigning the main oxidation state with
XPS. EC was performed in 0.1 M KOH in different
procedures, revealing the highest activity for Mn'V
with respect to the deposited phase. When applying
several EC methods and cycling for longer time at
higher potentials, the activity of all catalysts is en-
hanced, with severe improvements for the deposited
Mn! from 540 to 430mV at j = 5mAcm™!. The
improvement of the catalysts was achieved with a
30 min reduction at 0.8V vs. RHE and following
reactivation between 1.0 to 1.7V vs. RHE for 20

cycles.
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The EDLC of the catalysts was investigated at a
point, where very similar activity was achieved for
all MnO,. The highest intrinsic Cy4 was revealed
by Mn" with 1379 yF cm™2 due to high interaction
of the surface species with the K™ ions of the KOH
electrolyte.

After EC, all samples revealed Mn'V as their main
species present as detected by XPS and Raman mea-
surements. In the Raman spectra, however, the
deposited Mn' showed not only birnessite, but also
B-MnO, structure, as characterized by additional
bands at 401, 743, and 941 cm™!. This sample was
found most active towards intercalation of H,O,
proven by XPS and Raman.

With operando Raman spectroscopy, the OER
mechanism of MnO, was investigated to address
the difference in activity of the samples. All cata-
lysts revealed 5-MnO, structure in a potential range
relevant to the O, evolution, along with additional
species suspected to occur from the deposition. The
activity of the catalyst was directly correlated to the
shift of the A,(2) mode, representing a charging
process of the 5-MnO, structure and a triclinic to
hexagonal phase transformation, introducing point
defects that give rise to catalytic most active Mn'!"
species. The A (1) mode shifted simultaneously to
lower wavenumbers, which was associated with an
increase in distance of the MnOg layers in 5-MnO,.

8.3 Final Considerations

The literature is already full of studies on NiO, and
the Ni'l/Ni"™/Ni!V redox system. This thesis gave fur-
ther insight into the importance of defect structures
towards oxidation and the pleasing catalytic activity.
However, studies here have not been performed in
rigorously iron free KOH as most available litera-
ture suggests, so the influence of Fe in the presented
mechanism can not be ruled out completely. Further
investigation towards in situ studies regarding the
NiO, system should be considered in iron free KOH,
to extinguish falsified results.

Further experiments towards the substrate depen-
dence of the NiO, activity are eligible. As presented
in this work, the catalytic activity is enhanced with
gold-support, but even more with gold-coated stain-
less steel. The research of present mechanism is
desired, such as further conductivity measurements
or interface studies.

A brief study on the OER mechanism of MnO,
has been performed. The present activity mecha-
nism of charging and introduction of active Mn'!
species is supported. In EC, it was possible to dra-
matically enhance the catalytic activity of MnO, by
a reduction/activation procedure, that was not pos-
sible to be retraced in situ due to intense bubbling
at 1.7V vs. RHE after short time. More studies
are desirable towards this phenomenon, such as
cycling ex situ and perform operando measurements
thereafter. As given by the overview in figure 8.1
of the overpotential achieved by MnO, based on
the EC procedure, the conditioned samples were
investigated by operando studies, with activation

and reaction being of more interest towards future

studies.
700 -
L Onset at5mAcm”
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Figure 8.1: Overpotential of MnO, based on the EC treat-
ment. Conditioning is cycling 50 times from 1.0 to 1.5V
vs. RHE with 100 mVs™!, activation is cycling 20 times
from 1.2 to 1.7V vs. RHE with 5mV s}, and reactivation
reduction at 0.8V vs. RHE for 30 min, followed by the
activation process.
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The used procedure for surface enhancement has
proven sufficient, and changing to longer wave-
lengths gave workable results, however, laser light
above 700 nm is suspected to present even better
results and reduce the high fluorescent background

even more. It is also unclear, how the annealing

I Tnvesti-

step affects the studied structure of Mn
gation of a depositioning process at RT might be
helpful to compare the results more reliable to the

other MnO, species.
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