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Symbols & Constants

Table 1: Main Symbols

Symbol Meaning ST Unit
A area m?
a activity
C capacity F
dg specific surface dipole moment Cm!
E energy J
Er Fermi level J
By vacuum reference level J
Eo outer reference level J
F Helmholtz free energy J or J mol™!
f fugacity
G Gibbs free energy J or J mol™1
H enthalpy J or J mol™!
1 intensity
i electrical current A
j current density Am™2
K,k equilibrium constant
m mass kg
N number of particles
n number of particles in mole mol
P pressure Pa

Continued on next page



Table 1 — Continued from previous page

Symbol Description ST Unit

Q charge C

r radius or distance m

S, pumping speed m3 st

k equilibrium constant

T temperature K

t time S

U inner energy J or J mol ™!

\%4 volume m?

v speed m st

x mole fraction

z multiple of the elementary charge

Q@ real potential V

vy activity coefficient

A vacancy parameter

€ electrode potential J

Ep relative permittivity of a medium

L chemical potential J or J mol™*

0 number density m=3

o cross section m?

T permeation rate of a leak Pa m3 s71

fi electrochemical potential J or J mol~!

v photon frequency J
Galvani- or inner potential V

surface potential V

Continued on next page
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Table 1 — Continued from previous page

Symbol Description ST Unit
Y Volta- or outer potential V
w angular frequency st
r area normalized desorption rate Pam st
A interfacial surface excess m=2
d work function J
Table 2: Physical & Mathematical constants
Symbol Meaning SI Unit
e elementary charge C
o vacuum permittivity or electric constant Fm!
F Farady constant C mol™1
h Planck constant J s
h Planck constant, h (27)~" J s
kg Boltzmann constant J K1
Me mass of an electron at rest kg
R gas constant J mol™! K1
T Bohr Bohr radius m
s Archimedes’ constant or pi
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Abbreviations

Table 3: Abbreviations

Abbreviations Full Name
abs absolute (electrode potential)
ab absorbed or absorption
ad adsorbed or adsorption

APXPS Ambient Pressure X-Ray Photoelectron Spectroscopy

b binding (energy)
CE Counter Electrode
cv Cyclic Voltammogram
D Detector
) Emersed Electrode
ESCA Electron Spectroscopy for Chemical Analysis
e electron
F Fermi (level)
FWHM Full Width at Half Maximum
g gas (phase)
GND Ground (electricity)
IMFP Inelastic Mean Free Path
IRRAS Infrared Reflection-Absorption Spectroscopy
k kinetic (energy)
KP Kelvin Probe
l liquid (phase)

Continued on next page

Viil



Table 3 — Continued from previous page

Abbreviations Full Name
MFP Mean Free Path
M Metal (electrode)
max maximum
min minimum
NP Number Density
OCP Open-Circuit Potential
PES Photoelectron Spectroscopy
RE Reference Electrode
RHE Reversible Hydrogen Electrode
RT Room Temperature
S Solution
SA Sample
SGL Single Layer Graphene
SHE Standard Hydrogen Electrode
TC Thermodynamic Cycle
UHV Ultra-High Vacuum
UPS Ultraviolet Photoelectron Spectroscopy
WE Working Electrode
WF Work Function
XAS X-ray Absorption Spectroscopy

XPS X-ray Photoelectron Spectroscopy
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Chapter 1

Abstract

The interface is of central importance in many key technologies such as bat-
teries, fuel cells, catalysis, and sensors that mediates device’s functionality
by chemical composition and structure. Probing the interface requires meth-
ods with atomic surface sensitivity. Usually such methods are restricted to
operate in ultra-high vacuum (UHV). On the one hand, a surface exposed to
UHV constitutes a strict framework, indispensable for targeted exploration,
on the other hand, UHV is far removed from reality in operando. This
dilemma, known as the pressure gap, is bridged by the recent development of
the ambient pressure z-ray photoelectron spectroscopy (APXPS). Therewith,
the pressure gap narrows about 25 mbar and enables in situ/operando analy-
ses of the (solid|liquid|gas) interface. Another difficulty in probing interfaces,
i.e. an electrode covered with an electrolyte layer, is the loss of surface sen-
sitivity for the (solid|liquid) interface since it is buried under a thick layer of
electrolyte. To reveal the (solid|liquid) interface, electrodes covered with just
an ultra-thin layer electrolyte are required. In the present thesis a completely
new approach is introduced: the thin film electrode. For the first time a fully
controllable electrode is made accessible to direct absolute electrode poten-
tial measurements as well as chemical analysis by means of APXPS. As the
first application, the hydrogen electrode will be investigated and correlated
to applied-, standard-, and absolute potentials with chemical analysis. The
results comprise a value of the absolute electrode potential under standard

conditions and the observation of catalytic CO/CO reduction.



Chapter 2

Introduction

2.1 Chemical Potential

In classical thermodynamics, the chemical potential p; of an electrical neu-
tral particle of the i-th component is the energy required to move a partial
number of the corresponding particle from a reference state to the inner of
an ensemble of particles. The thermodynamic potentials are the Gibbs free
energy G, the Helmholtz free energy F', the enthalpy H, and the internal en-
ergy U. The chemical potential is obtained from the differentials in Eq.
to [1]. The independent variables are the entropy S, temperature T

volume V', pressure p, and the number n of particles in mole.

dG = —SdT + Vdp+ Y  pidn; (2.1)
dF = —SdT — pdV + Z piidn,; (2.2)
dH = TdS + Vdp + ) _ pudn; (2.3)
dU =TdS — pdV + ZZ idn; (2.4)

Even though different thermodynamic potentials are used, equivalent expres-
sions for the chemical potential are obtained [2]. In practice, the Gibbs free
energy is commonly used, since it is easier to hold an ensemble of particles

at constant pressure and temperature than at constant volume or entropy,

2



2.1. Chemical Potential

see subscripts of Eq. 2.5 to 2.8

8G>
i = (2.5)
(anl pT,TLj7§Z
_ (aF ) (2.6)
ani ViT,nj;
_ (aH > (2.7)
ani S,p,nﬁsz
_ (8U> (2.8)
ani S,V,TLj#i

For an ideal gas i [I] at the pressure p; and the gas constant R, the chemical
potential is given by

i = 1 + RTIn (Z%) ) (2.9)

(2
while £Y and p? represent an arbitrary reference state. Equilibrium is ob-
tained when the chemical potential of the different components are identi-
cal [ B]. Thus, in a system with the phases I and II, equilibrium is reached

when

pi(l) = pi(11) (2.10)

is established. Considering the equilibrium of a liquid (1) and its gas (g) of
the pure component ¢ at p}, the chemical potential is

i) = (o) = )+ R0 (1) 2.1)
while the pure component is chosen as the reference stateE] [1]. According to

Raoult’s law; p;/p%* = x;, the chemical potential of the liquid is

1) = p*(1) + RTin (). (2.12)

11 atmosphere.



Chapter 2. Introduction

Under reference conditions, the mole fraction becomes x; = 1, which is ful-
filled for p; = p2*. So far, it was assumed that particles behave ideally;
meaning that an ideal gaseous substance has no interaction and an ideal
liquid substance has same interactions, but not no interaction. Real sub-
stances [I] behave differently which require the introduction of the activity

a and the activity coefficient v as defined in Eq. [2.13]

For a real liquid, where v # 1 [I], the general expression for the chemical

potential of a liquid is
pi(l) = 11" (1) + RTn(a;). (2.14)

With the same concept but using the fugacity f; [I], the general expression

for the chemical potential of a gas is
pi(9) = 1" (9) + RTIn(f;). (2.15)

2.2 Electrochemical Potential

In the case that a particle carries an electrostatic charge as a multipleE] z; of
the elementary charge e, the term z;F¢, with the Faraday constant F' and
the electrostatic potential ¢, is added to the chemical potential p; [I], giving

the electrochemical potential in molar units to:

2.3 Electrochemical Potential of Free Electrons
In solid-state, a body with the volume V', containing N, electrons, each with

the effective mass m} of a free electron, the maximum energy of free electrons

2For one electron: z, = —1.



2.3. Electrochemical Potential of Free Electrons

is defined by the Fermi level, given by Eq. [4].

h2
Bp = o (37%0)""

e

,0=N.JV (2.17)

The number of the electron eigenstates per volume within a certain energy

range is the density function D(FE), which scales with the square root of the

energy, Eq. [4].

D(E) = — <2m2>3/2 B2 (2.18)

At temperatures T' > 0 K, thermal energy in terms of kg7 is transmitted
to electrons, and eigenstates above the Fermi level are occupied. As a con-
sequence, the same amount of unoccupied eigenstates below the Fermi level
are formed. For that reason, the Fermi level is defined as the energy where
half of the states are occupied. The probability density that an eigenstate

is occupied by an electron at a certain temperature is given by the Ferms

function, Eq. [4].

1
F(E) = ——— (2.19)
erp ( kBTF> +1
It follows that the electron density p is obtained by:
0= / o(E)dE = / D(E)f(E)dE (2.20)
0 0

If the density of electrons is known, Eq. [2.20] can be used to calculate the
Fermi level Ep(T). Schematically the above context is shown in Fig. 2.1]
The thermodynamic meaning of the Fermi level becomes clear by reviewing
Eq. 217 The Fermi level depends on the number of electrons, illustrated in
Fig.[2.2] If N, is increased about the difference AN,, Er is increased about
the energy difference Ep(N, + AN,) — Er(N,), which is the meaning of the
chemical potential in Eq. to when Ep(N,+ AN,) — Er(N,) is divided

5



Chapter 2. Introduction

a) b) 0)
EA T=0 (K) EA T=0 (K) EA T>0 (K)
@ D occupied states
Erl — — / e(E)=D(E)f(E) /
E; - D(E)
N. N, N,

E, > >

D(E) D(E), o(E)

Figure 2.1: Energy states of free electrons at different temperatures: a) Elec-
tron in a potential well with the energy barrier of |E, — Ey|, for T'=0 K. b)
Density of states, for T'= 0 K. c¢) Density of states, for T > 0 K. Adapted

from e.g. [4].

EA b)
T=0(K.o=0(V) EA  T-0(K),0<0(V)

El — [

Eg

N,
e Ne
E,
Eq-co
o)
D occupied states @D additional states

@ previously occupied states

Figure 2.2: The Fermi level depends on the number of electrons N.. De-
creasing the potential well about —ey leads to a spill of electrons from a) to

b) until the Fermi levels are balanced. Adapted from e.g. [4].



2.4. Galvani Potential

by AN, and considered for small values of AN,.. Hence, the Fermi level is
the chemical potential. When the potential well is decreased about —e¢, the
Fermi level of the original electron ensemble is lowered. Thus, affects the

electrochemical potential, as given for one mole of electrons by Eq.

fie = e + 2.Fp = Ep + 2. Fp (2.21)

2.4 Galvani Potential

The electrostatic potential ¢, considered as the Galvani- or inner potential
is the inner potential of a phase [5], [6] 7, §]. The electrical workﬁ to move
a test charge e from the vacuum at infinity to the inner of the phase is
—ep. In approaching the inner of the phase, individual contributions can be
separated: the inner potential consists of the Volta potential, also called the

outer potential ¢, and the surface potential y:

e=1v+x (2.22)
If the phase is electrically charged (¢ # 0), the work —e1) is required to move
a test charge right before it enters the interior of the phase. The location,
denoted as just outside the phase, is set to 10~* c¢m right above the surface
in order to avoid electrostatic influence [9) [§]. For a known geometry the
outer potential can be calculated. A sphere, carrying the charge ), the outer
potential 1, (r) at a distance r outside the sphere is given by Eq. [2.23] where
go is the vacuum permittivity.

o p——

dmeg T

(2.23)

The surface potential, which exists as a double layer at phase boundaries [7]
like (metal|vacuum) or (metal|liquid), requires the work —ex to transmit the
test charge e, from the location right above the surface, to the interior of the

phase.

3Not the electrochemical work.



Chapter 2. Introduction

2.5 Reference levels for the Energy and Potential scale
Regarding the considerations of chapter 2.4] suitable reference levels to char-
acterize different particle states on the same energy- or potential scale can
be found. It applies that any reference level can be arbitrarily chosen. Its
choice is only numerically motivated and the quality of the reference level is
rated with regard to its practicability. Since the focus is on electronic states,
the test charge of an electron and its chemical entity, e.g. a proton, are used

to identify possible reference levels.

The electron at zero potential in rest state at infinity
At this reference level an electron is at rest, unlocated in vacuum at
infinity [10} 1], unaffected by an electrical field. This state is associated
with the physical zero energy and denoted as Ey = 0. Despite of
minor importance in applications, it has a fundamental meaning in a

theoretical framework.

The electron in a defined potential at rest state
For experimental reasons, in many cases it is not possible to achieve
the reference state of Ey. In that case, one may use a reference level
that exerts a specific potential on the test charge. From chapter [2.4]
such a reference level is given by the outer potential, which is defined
as the energy level Ep right before an electron enters the interior of a
phase 9] [§] and experiences the full impact of the surface potential. In

the case that ¢ = 0, it follows that Ep = Fy.

Chemical entities at defined activities

In electrochemistry, reference electrodes are widely established and

4In order to have a defined energy.



2.6. Identifying the Reference Levels of a Single Electrode

measure the potential of an electrode with respect to itself. A stable
reference potential is obtained for a redox system in thermodynamic
equilibrium which requires constant temperature, fugacitiy and activ-

ity of the involved species.
2.6 Identifying the Reference Levels of a Single Elec-

trode
For a test charge e, the required WOI‘I{H to transfer e from a defined reference
level to the inner of a phase is the electrochemical potential (Eq. , as
shown in Fig. 23] The electrochemical potential can be divided into the
chemical work p. and the electrical work —e¢p, for which the latter splits
into the contributions of —ei) and —ey. Considering the case of a charged
electrode, Fig. a), additiona]ﬂ electrical work —e1) is required to add the
test charge to the inner of the phase. Thereby, —e is the contribution from
the reference level Ey to Ep, see Fig. a), b). The remaining work to
transfer the test charge from Ep to EFr is —ex and p., introduced as the real

potential o [10]. Thus, the electrochemical potential can be written as

fle = fle — ZeX — 2 = Q¢ — ZeX- (2.24)

In contrast to electrochemical practice, the physical terminology of the real
potential corresponds to the negative work function —®p, defined on the
same energy level, i.e. ®¢ is obtained for extracting a test charge from the
inner of the phase. Thus, Eq. and identify the reference level of
Eo.

o, = —®° (2.25)

e = —0% — ey (2.26)

5Strictly the electrochemical work.
SReferring the non-charged case.



Chapter 2. Introduction

For —ei) = 0 - the non-charged electrode, it can be seen that Eq.
equals Eq. [2.25; meaning that the vacuum level at infinity coincides with the
reference level of the outer potential, shown in Fig. b).

A a) charged A b) non-charged
Ey=0 A
i -ey i -e\|1=0
EO EV:EO:O
gc X o Fle -ex
o, | ®° o (I)z
(0]
v ¢ He ¢ He

Ep Ep

Figure 2.3: Quantities that describe the energy state of the test charge e
relatively to a reference state: a) charged electrode; b) non-charged electrode.
In case b): the vacuum reference level at infinity coincides with the reference
level of the outer potential, denoted with Ey = FEy. The electrochemical
potential fi., chemical potential u., outer potential ¢, surface potential x, real

potential o, work function ®° for Eo, and work function ®> for Ey .

In terms of the electrochemial potential, the non-charged- and charged elec-

trode becomes to:

fie = @ (non — charged) (2.27)
fie = @, — et (charged) (2.28)
fe = —P (charged) (2.29)

Eq. to identify the reference level of Ey .

In summary: The real potential gives the energy independently from the
extend of the charge. By contrast, the electrochemical potential gives the

energy including the charge. On a physical basis, the corresponding work

10



2.7. Electron Equilibrium

function is the energy descriptor for a test charge of the single electrode,

outlining the theoretical foundation of modern electrochemistry.

2.7 Electron Equilibrium

Taking two dislike single electrodes (A) and (B), Fig. [2.4] each having indi-
vidual quantities that describe their energy states, and bringing them into
electrical contact, a charge transfer from one to the other electrode is ini-
tiated until an electron transfer equilibrium is reached. Herein the transfer
direction is determined from the higher (Frp) to the lower (Er4) Fermi level,
Fig. 2.4 In electrochemial equilibrium, the Fermi levels are balanced, such

that Eq. is achieved by mutual electron and proton exchange.
HeA = [teB = (I)ilo = (I)Og (2'30>

The charge transfer evokes a negative polarization on electrode (A) and a
positive polarization on electrode (B), see Fig. b), resulting to a poten-
tial difference according to the difference of the outer potentials. From the
equilibrium condition in Eq. 2.30] it follows that the outer potential differ-
ence is given by Eq. and illustrated with the red arrows in Fig. 2.4
b).

eAYeap = €ea — €ep = Qep — Qen, equilibrium (2.31)

eAYeaip = ftea — MeB, equilibrium (2.32)

11



Chapter 2. Introduction

a) upon contact A
A electrode (A) electrode (B)
EV=O A
i -CWea
“CWYer EoA _ w -€VeB
Hea “€Xer Dy
Gep | DA°
v ¢ Hea
Epa
b) equilibrium
A electrode (A) electrode (B) A
EV:() A \
l “CWea \,
-eWea | Eoa “CWYea
ﬁeA “€Xea
Cep (I)AO -CVep
v ¢ Hea
Epa

Figure 2.4: The electron transfer equilibrium of two dislike single electrodes
(A) and (B): a) upon electrical contact, i.e. independent energy scale; b) in

contact, while electron equilibrium is established, i.e. same energy scale.

2.8 The Absolute Electrode Potential

Important contributions to the concept of the absolute electrode were made
by Kanevsky 1948/50/53 [12, 13, [14], Parsons 1954 [10] and 1985 in [15],
Bockris 1968/83 [16], 17| Frumkin 1975/77 |18, [19], Gomer 1977 [20], Kolb
1981/87 in [2I] and [22], Gerischer 1983 [23|, Reiss 1985 [24], Trasatti
1986/90/91 |25, 111, 26], and Hansen 1987 [27].

Despite numerous attempts have been made to elaborate the definition of

the absolute electrode potential,”,...nobody seems seriously convinced of the

12



2.8. The Absolute Electrode Potential

a) partially immersed electrode b) energy levels

E
metal (M) g Vo1

. * + “CWYes @
A -
EAVem|s ._.-':'e‘lles ES|O o €Ves @
y “€Qcs @
aeS\O + Hes

les]
i)
<)
O\SIWO(D
A\slwmq)
Olslneyy

N\ ¢(x = * “CXeMm
: M CPem
\ * Hem
~Olems 4) Er _ @

solution (S)

Figure 2.5: a) the partially immersed single electrode in equilibrium with the
solution. a) location of energy levels in relation to the electrode and solution.
b) energy levels corresponding to the locations in a). Location (5) cannot be

drawn in a).

arguments of the others.” [I1]. It was Trasatti in [IT] who clarified that four
different absolute electrode potentials can be formulated, each originating

from a different reference level.

Starting from the location (1) of the metal electrode (M) in Fig. [2.5a), a test
charge e can be moved from (1) to (3), also to any other location, principally

on two different paths:
through the (metal|vacuum) interface: (1)—(2)(— (2")) —(3),

through the (metal|solution) interface: (1)—(3) or (1)— (4)— (3).

Where on the energy scale in Fig. 2.5 b) - (1) is the Fermi level of the metal
(M) and the solution (S), (2) the reference level of (M) close to its surface,
(2') the common vacuum reference level at infinity of (M) and (S), (3) the
vacuum reference level of (S) close to its surface [13, 28, 14, 18 29, 19|, (4)
the free electron in the solution as the reference level [30, 11, and (5) the

13



Chapter 2. Introduction

inner potential of (S) as the reference level (not shown in Fig. [2.5(a)) |12, [16].

Since the test charge can be moved on a closed loop within a conservative
field, the total work done in moving the test charge to (3) yields the same
result on either path. Thus, moving on the path (1)—(3), the real potential
is found by:

QeM|s|o = Qem|s + Qesjo, (1) = (3), (2.33)
and on the path (1)—(2)—(3) by:
QeM|slo = Qejmjo — eAterris, (1) = (2) = (3) (2.34)
Combining Eq. and , one obtains the expression for aepss:
QeM|s = QeM|O — Qesjo — eAVerris, (1) — (4) (2.35)

Having identified ceprisj0 and aenris, all other locations can be reached on

any path, giving the Eq. -2.39]

aerrjo = Pipisp — etenrr, (1) — (2) (2.36)
DN sy = —Hem = —Qemrjo + eenr, (1) — (27) (2.37)
epes = Pho/e — PGo/e — perr, (1) = (5) (2.38)

Since Eq. - represent energy levels on the absolute scale, having
independently maintained their meaning from any other reference electrode,

division by the elementary charge e results in a reference free absolute elec-

trode potential €55, Eq.[2.39]

€abs — Eabs/e (239)

"Eq. is not obtained straight forward, see [11].

14



2.9. The Absolute Electrode Potential of the SHE

From this point of view, it is clear that Eq. to shall be considered

as absolute electrode potentials.

s = —Qemrsiofe = CIDJ\O/”O/G + Atherrys, location (3) (2.40)
e = (IDJ\O/”O/e + Atherris + pes/e — Xes, location (4) (2.41)
e = <I>AO4|O/6, location (2) (2.42)
2, = D5/ e = —fem/e = Q)?ﬂo/e + Yenr, location (27) (2.43)
€y, = (ID%O/G - q)glo/e — lenr, location (5) (2.44)

2

2 has a particular meaning with regard to zero energ and the

Of course, €

2 3

: L2 _
same in case of the non-charged electrode: €, = €5, = €.

However, as
Trasatti concluded in [I1]: the dominant question is which absolute electrode

potential can experimentally be accessed? And further, how precise can it

3

5 . at the location (3), but far away from the

be measured; e.g. measuring €

2/

electrode [27] should give approximately the same numerical value as €.

Thus, the question is answered by the feasibility in realizing the required

experimental conditions.

2.9 The Absolute Electrode Potential of the SHE

The standard hydrogen electrode (SHE) is the most important reference elec-
trode, which has been given arbitrarily the reference potential of 0 V. Against
the relative potential of the SHE, various data for standard electrode poten-
tials of half-cell reactions are tabulated. Thus, knowing the absolute poten-
tial of the SHE gives the possibility to establish an absolute scale for half-cell
potentials. Considerable effort has been devoted in finding an experimental
value for the absolute electrode potential of the SHE. This includes the work
of Reiss, Parsons, Sato, Trasatti, Gomer, Hansen and Kotz whose results

are summarized in Tab. 211

8Still having rest energy.
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Chapter 2. Introduction

The different experimental methods can be divided in four main groups,
involving a Schottky diode in contact with a SHE [31], a Born-Haber ther-
modynamic cycle [32, 25 33], a Kelvin probe measurement on the (elec-
trode|gas(air)) interface close to the electrode and referencing the Kelvin
probe against a work function of a known standard [34] 35, [36], and a direct

work function measurment of an emersed electrode [37].

Each method contains drawbacks in regard to theoretical or experimental
assumptions. In the Schottky diode method a zero dipole at the p-doped
(InP|Pt) interface is assumed and it further requires a value for the potential
of zero charge at standard conditions that cannot be measured [3I]. As
reported in 38|, the absolutely essential values in the thermodynamic cycle
(|32]) for atomization and ionization energies of hydrogen with the absolute
proton hydration energy are under discussion [39, 40, [41]. Except for the
method of emersed electrodes [37], the absolute electrode potential of the
SHE cannot be obtained by a single measurement. So far, it is thought that
the emersion method contains the smallest experimental error in measuring
the absolute electrode potential, but it suffers from the emersion process and
its sample transfer into ultra-high vacuum (UHV). The original electrolyte
layer is damaged through desorption and rearrangement of the electrolyte

layer [42], 43].

Comparing the different results in Tab. 2.1} the span of values is 0.42 V,
which denotes a wide spread on an electrochemical scale. Clearly, this shows
experimental difficulties accompanied as well with the theoretical concept
of the absolute electrode potential. Except for Sato’s work [33], all values
were published before the year 1990, when Trasatt: clarified the meaning of
the absolute electrode potential in [11], see chapter 2.8/ Of course ,all of
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2.9. The Absolute Electrode Potential of the SHE

the values reported in Tab. are absolute electrode potentials. In fact, it
is the question about the underlying reference level. For now, the problem
in assigning either location (2’) or (3) arises from the loosely defined work
function, i.e. measured with photoelectron spectroscopic methods: is it the
reference level in vacuum at infinity > or the reference level of the outer

potential 7 - discussed in [44] and later on in chapter [3.2.2]

Table 2.1: Numerical values for the absolute potential of
the SHE. The value indicated by * is measured against
the reversible hydrogen electrode. The location column
refers to energy levels, elucidated in chapter Abbre-
viation: Kelvin probe (KP); work function (WF); calcu-
lated (calc); thermodynamic cycle (TC); emersed elec-
trode (EE); x-ray photoelectron spectroscopy (XPS); ul-
traviolet photoelectron spectroscopy (UPS).

€as(SHE) in (V) Method Location Ref.
4.43 Schottkey diode (2) or (3)  [31]
4.44 calc TC «H [32]
1410020 cale TC 3)] 2]
4.5 calc TC (3) [33]
4.456 %+ 0.025 (2’) I36]
473 +0.05 (2)or (3)  [34]

Continued on next page

9No access on primary source.

OTUPAC recommended value.

"Based on the used equation it is (3).

12KP referenced against the work function of Hg.

131t is claimed (2’), but it can also be (3).

14KP referenced against the work function of various materials, inter alia Ag, Au.
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Chapter 2. Introduction

Table 2.1 — Continued from previous page

cavs(SHE) in (V) Method Location = Reference
4.7 KPP EE (2 or (3)  [35]
485 +0.15° UPS, XPS, EE  (2) or (3] [37]

2.10 Cell Potential

Taking an electrochemical cell and arranging the electrode (M), the solutions

(S) and the reference electrode (RE) in the following way:
(M|S|RE|M), open circuit (2.45)
In this arrangement, the cell potential is easily obtained as:
€. = €(cell) = eqps(M) — €aps(RE) (2.46)

Although only absolute values have been used, it is clear that the cell poten-
tial is a relative value and the same cell potential would have been obtained

in any other reference system, e.g. in the one of the SHE:
€. = ESHE(M) —ESHE(SHE) (247)

It is also clear that each electrode can be considered separately. Therefore,
the expression for a single electrode can be applied on each electrode. In
chapter the absolute electrode potential of a single electrode is obtained
from Eq. [2.40] reflecting the reference level of location (3). For an electrode
(X) immersed in a solution (S), Eq. becomes to:

€ops = PRj0/€ + Atexs (2.48)

I5KP referenced against the work function of SnO,.
16Compare with [44].
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2.10. Cell Potential

Since (M) and (RE) are immersed in the same solution (S), ¥.xs is the same

for both single electrodes and the cell potential yields Eq. and

e = PFj0/€ + Yerr — Ppo/€ — erE (2.49)

e.=1/e (@ﬁ\sw - (I)OROE\S\V) (2.50)

The equilibrium condition for the cell potential is ¢, = 0. Thus, Eq.
and results into Eq. and [2.52] respectively.

(I)gmo/@ + YerE = @%‘O/e + ens, equilibrium (2.51)

(I)?%OE|S|V = @ﬁ‘s‘v, equilibrium (2.52)

The same equations as obtained in chapter [2.7]
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Chapter 3
Methodology

3.1 Kelvin Probe

The Kelvin probe (KP) technique, developed in 1898 by Lord Kelvin [45]
and further modified by Zisman in 1932 [46], uses a vibrating plate capacitor
in combination with a nulling technique to oppose the outer potential differ-
encdl] The outer potential difference is formed when two different metals, i.e.
the plateﬂ of the KP and the sample (SA), are brought in electrical contact.

Applying the equilibrium conditionﬂ gives the outer potential difference to:

Aesaikp = Yesa — Yexp = ‘PgAp/e — (19?(p|o/e, equilibrium (3.1)

As described in [47], the plate capacitor with the capacity C, Eq. , area A,
permittivity €y, and relative permittivty ¢, vibrates with the phase wt about
Ar around the center position r. An alternating current i,. is influenced in

the external circuit, Eq. [3.3] that is used as the measurand in the nulling

technique.
A
- 2

¢ O Ar sin(wt) (3.2)
ac

ac = A e I .

v Yesalkp 7 (3.3)

. ac

lac = (Al/}eSA\KP - Aweapl) % (34)

An external bias can be used to compensate the outer potential difference,

such that the alternating current vanishes, Eq.[3.4. When 4, is small enough,

I Also called the contact potential difference between the KP and the sample, Fig.
20r tip [47], the capacity depends on the geometry.
3(I>oo = P

SA|V % p|v» see chapter
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3.1. Kelvin Probe

typically in the order of pA, Atesaxp is determined to ~ Atheqy.

2) Aye=0 AVYekr-VYesa Ay =0
Eo- o w————
v A o A _A_ti‘l/es/\_’ WYekp 7y
o5 o °
(=4 [ o5
. ! R " S
2 85 > SA KP >
2 S 8 e% 8»5
R —
_ Epyp e ©00 0 0000
~ | |
> [
b) open circuit e applying bias: Ay, =Ay,

¢ Ar
r
KP KP KP
| | (-) (-) e o |
___const. s _ dC L
\ C= FAr sin(wt) fac=(AV e AV capr) at  AVew=AVe

| sample (SA) Ii | ® sanﬁ)le (gA) ® li | sample (SA) Ii

Figure 3.1: Working principle of the Kelvin probe (KP). a) energy diagram

of the open circuit-, equilibrium-, external compensation mode. b) the tip of
the KP is placed in front of the sample (SA) such that a plate capacitor is
formed. In the compensation mode, the change in the capacity C, through
the variation of the distance about Ar, has no influence on the alternating

current 2,..

3.1.1 Measuring Absolute Electrode Potentials with Help

of KP
In 1933, it was shown by Yamins and Zisman that the KP method can
also be applied to liquid samples [48]|. Later on this idea was modified and
extended to immersed and emersed electrodes [34) 135, 42, [36], 37, 43|, shown
in Fig.[3.2] For emersed electrodes, the absolute electrode potential, Eq.
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Chapter 3. Methodology

a) immersed electrode b) emersed electrode c¢) emersed electrode UHV
KP KP KP
| — | — | —]

A‘IEFA‘V solvated ions A\I?p]iA\V solvated ions A@EA\V

©) s ©
s s & =
s -

Figure 3.2: Electrodes covered with an electrolyte solution and specifically

adsorbed ions. a) the immersed electrode in bulk solution; b) the emersed
electrode without excess solution; ¢) the emersed electrode in UHV with sub-
monolayer adsorbed solution [42],[37]. During the emersion process into UHV,
the original solution layer a) is damaged, compare chapter and [42] [43].

can be rewritten as:

€ops = —Qesaisio)€ = Pusi0/e = PGa0/e + Atbesays, location (3) (3.5)

In the situation of Fig. [3.2], where the KP is placed right above the surface of
the solution, equilibrium is maintained by <I>g°A| sy = <I>g°|V = @%"PW and no
work is required to move an electron within the system of (SA|S|KP). Thus,

the absolute electrode potential is also given by Eq. [42, 143, [47].
€, = @gAw/e + Athesais = (I)IO(P\O/G + Ategpis, location (3) (3.6)

In accordance to Eq. , a linear relationship, between Av.xpis and the
applied potential before or rather during emersion, is found [35, 43]. Since
the KP measures At xp|s, the absolute electrode potential still depends on
(I)?(P|O‘ With an additional measurement, q)%PIO can be determined. So
far, knowing the work function of ®¢ Alo 18 enough: & plo Can be calculated
from Eq. Therefore, two steps are required: a sampleﬁ transfer into UHV,

where the work function @g Ao Can be accessed by means of photoelectron

4With no electrolyte layer.
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3.2. Photoelectron Spectroscopy

spectroscopy, and the transfer to non-UHV (this can alter the value of ¢ Al 0)s
where Atcg45 of the emersed electrode is measured. Another possibility is
the procedure used in [34] 35 36]; that provides the work function @?( PlO by
calibrating the KP on a reference sample of known work function ®¢ alo and
the calculation of @?{ PlO along with Eq. . Only if the work function of the
reference sample is unaffected from the different experimental conditions, a

reliable value for the absolute electrode potential is obtained.

3.2 Photoelectron Spectroscopy

The history of X-Ray Photoelectron Spectroscopy (XPS), as it is reported in
e.g. [49,50], goes back to the year 1887 when Heinrich Hertz experimentally
discovered the photoelectric effect [5I]. Further studies about Hertz’ find-
ings were done by Hellwachs and Lennard in 1888/89 [52), 53] and later on
by Lennard who describes the onset of light-induced photoelectrons as the
minimal energy required to exceed the threashold, given as the work function
[54]. In 1905 Albert Einstein [55] gave the quantum theoretical explanation
of the photoelectric effect, including the understanding of energy being car-
ried by light in discrete quantized packets along with the Planck relation.
Besides the theoretical concept, that a photoelectron carries the information
of the material from where it was emitted, an experimental milestone was the
observation of chemical line-shifts caused by the change in chemical bonding,
Robinson and Young in 1930 [56]. Starting in the 1950s, major steps were
done in developing high-resolution spectrometers, which was driven by the
work of Steinhardt and  Siegbahn [57, B8|. Siegbahn formed the acronym
ESCA, which stands for electron spectroscopy for chemical analysis. In 1981
Siegbahn obtained the Nobel Price in physics for his important contributions

to the development of the ESCA.
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A a) sample A b) detector A c) with additional -Avy,,

Ekmax k k ‘\ k ‘\
A valence band valence band
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Ee | T | T T T
core levels core levels core levels
B hv ¥ hv| hv
secondary

Ex=0 |7 - cut-off \

Al Y -eAysap) secondary \ CAVesap
DSy0 E=0"7 A cut-off ; secondary

0
B0 | S o Ex=0 (’}\ cut-off
= of A e
; valence band Poo AV capl A

Ey

Figure 3.3: The principal of PES for a metallic sample (SA) on two different
energy scales: Photoelectrons from different states are detected on the kinetic
energy scale. The binding energy can be calculated independently of the work
function ®¢ aj0- &) photoelectrons excited (with hv) from a state having the
binding energy FE, and the kinetic energy E, = hv — Ej, — (DgA|O' b) the
Fermi level of the (SA) and detector (D) are aligned. The kinetic energy
of photoelectrons from the (SA) is measured with the (D) to Ey = hv —
B, — CDg‘ o- ¢) the effect when an additional bias —At,, is applied between
the (SA) and the (D). d) the electrical connection for applying the bias.
Note: The secondary cut-off is induced by the measuring process and the

photoelectron spectrum is obtained with the Fermi level referenced to zero.

Adapted from [59].
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3.2. Photoelectron Spectroscopy

In XPS or photoelectron spectroscopy (PES) in general, photons with the
energyﬂ hv irradiate the sample whereby photoemission occurs through three
steps, e.g. [50]: (1) the absorption of the photon by a valence- or core electron
from the atomic shell, resulting in the formation of an ionized atom and a
photoelectron. (2) the movement of the photoelectron to the sample surface,
including various elastic and inelastic scattering processes for the majority
of the photoelectrons. (3) leaving the sample surface with the kinetic energy

E} into the vacuum after overcoming the work function.

The kinetic energy of the photoelectrons are determined e.g. in a biased hemi-
spherical analyzer [60] 61], 62] and the number of electrons being recorded
after amplification by an electron multiplier, e.g. channeltron or microchan-
nel plate. Since the sample is electrically connectedﬂ to the detector (electron
multiplier), an outer potential difference [63] between the sample (SA) and

detector (D) occurs due to the corresponding difference in work functions,

Eq.B7
Atpepisa = (I)gA\O/e - (I)?no/e (3.7)

When an incident photon transfers energy hv onto an electron, an elastically
scattered photoelectron obtains the kinetic energy F, = hv — Ej, — (IDg e
when the original electron had the binding energy Fj relatively to the Fermi
level, Fig. a). Entering the detector, the photoelectron experiences the
additional kinetic energy exerted from the outer potential difference, Fig. [3.3]
b). In consequence the resulting kinetic energy is independent of the sample’s

work function [63], Eq. 3.8

Ep = hv — By, — 89,40 — (D0 — Puj0) = hv — By — @D (3.8)

5Lab source usually Al Ko 1486.71 eV or Mg Ka 1253.6€V.
5By ground.
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Photoelectrons obtain the maximum kinetic energy Fimae = hv — @g‘ o When
the binding energy Fj, is zero. These photoelectrons are assigned to originate
from the Fermi level Ep, Fig. [3.3] As part of the calibration, the binding
energy at the Fermi edge is put to zero, and the detector’s work function is

empirically determined from the zero offset of the spectrum [64], 65].

Although, Eq. 3.8 is independent of the sample work function, for instance
denoted as ®LFS ®LES can be easily extracted from the width of the spec-

trum [63], [66], with:
(I)ggs = hv — (Ekmaar - Ekmm) =hv — (EF - Eoff) (39)

Photoelectrons originating from the cut-off energy F,; are difficult to detect
since they have zero kinetic energy. Therefore a negative bias, in the range
of ~-3 to —10 V, is applied to the sample in order to accelerate the cut-off

photoelectrons for detection [66], Fig. d).

Besides the diffuse features in a PES spectrum, e.g. the cut-off arising
from inelastic scattered photoelectrons, distinct peaks with a line width of
~ 04 6V|Z| are observed from elastically scattered photoelectrons. These
photoelectrons carry chemical information and allow quantification, typically
down to 1 at. %. Any change in the atomic bond state affects the measured
spectrum with regard to binding energy, peak width, peak shape, valence
band structure, bonding satelites, and work function [50]. The information
depth depends on the inelastic mean free path (IMFP) of the photoelectron,
tabulated for many materials e.g. in [67], which is about 0.3 — 10 nm for soft

X-rays, as used in XPS.

"Defined by the full width at half maximum (FWHM) of the peak height.

26



3.2. Photoelectron Spectroscopy

3.2.1 Ambient Pressure Photoelectron Spectroscopy
Compared to conventional XPS, Ambient Pressure X-ray Photoelectron Spec-
troscopy (APXPS) does not require UHV conditions and can be operated on
some instruments up to 100 mbmﬂ More frequently systems can be oper-
ated up to 25 mbar, more practically are operated at pressures less than
25 mbar. The reason for this is the attenuation of intensity by the process
of photoelectron scattering at gas molecules. The electron transmission fac-
tor 1,/1,, for photoelectrons with a kinetic energy Ej and the cross section
o(Ey), shows an exponential attenuation over the distance r for a specific
gasﬂ at the pressure p and temperature T', Eq. [70].

[ (—%Lj’i)p) (3.10)

Photoelectrons with ¢(100 eV') and passing a distance of 1 mm in an atmo-
sphere of p = 10 mbar of water vapor have a cross section | of &~ 10r%,,, [68],

that gives I/Iy to about 0.001 at room temperature.

Besides the influence on the intensity, gases increase the risk for a breakdown
voltage at parts operating at high voltage, i.e. the lens system and detector.
According to Paschen’s law [71], a breakdown voltage can be avoided by
increasing the distance between the electrodes, which in turn goes on the
expense of a less-favored photoelectron trajectory to the detector. Therefore

leading to further intensity loss.

To reduce the intensity loss down to a minimum, a differentially pumped
lens system with three stages is used that focus the photoelectrons onto the

aperture of the corresponding stage, Fig. The sample is placed in the

8SPECS Surface Nano Analysis GmbH (2019).
9The cross sections for photoelectron scattering are available in literture, e.g. [68] 69].
10Ty units of the Bohr radius rgop,-
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Po PoP1 P1~P2 P2>P3 P3>P4

sample
/S

nozzl
lens system / apertures @ detector

Figure 3.4: Differential pumping of an APXPS instrument: The reaction
chamber, including a gas of pressure py, is sealed from the surrounding cham-
ber, kept in UHV. Through a silicon nitrite window X-rays can reach the
sample surface. The emitted photoelectrons need to pass through the nozzle
and the lens system in order to enter the detector. The lens system focuses
the photoelectrons, coming from the sample, on the apertures. The initial
pressure p, can be reduced about 7-9 orders of magnitude, resulting to p, at

the detector.

reaction chamber, facing a nozzle with an aperture of ~ 0.3 mm in diameter,
Fig. 3.5l The reaction chamber is separated from the X-ray source by a X-
ray transparent silicon nitrite WindowEl that allows to keep UHV conditions
in the X-ray source. The nozzle aperture demands a focused X-ray source
and a careful alignment of the X-ray geometry: the sample-to-nozzle position
and focus of the lens system. Both need to coincide such that a maximum
number of photoelectrons find its trajectory to the entrance aperture of the

detector.

M~ 100 nm thick.
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electrochemical in situ/operando cell

sample

reflection of nozzle

to detector nozzle

from x-ray source

magic angle configuration

Figure 3.5: Optical photograph of the nozzle from an APXPS instrument
in measuring position. The sample-to-nozzle distance is ~ 0.06 mm, corre-

sponding to two times the aperture diameter.
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3.2.2 Measuring Absolute Electrode potentials with PES

in UHV
Coming back to the question arised in chapter 2.9f How is the photoelec-
tric work function interpreted; is it the electron at rest in the vacuum level
at infinity or is it the vacuum level just outside the sample? The IUPAC
definition of the work function is clear about that point since it is defined
as “the minimum work needed to extract electrons from the Fermi level of a
metal across a surface carrying no net charge” [72]. 1.e. both reference levels
are the same. In practice, the I[UPAC definition is hard to realize since no
net charge cannot be generally assumed. A sample in contact with a dislike

terminal causes an outer potential difference.

However, the IUPAC definition only compromise the removal of the electron,
not the position where to locate the electron. The term location can be eas-
ily mistaken with the same term on a length- or energy scale. The context
between the energy and the length scale is the Heisenberg uncertainty prin-
ciple. In the present work, the main interest is the determination of work
functions and absolute electrode potentials, going ahead with the determi-
nation of energies, thus demanding the indeterminacy for the location at the
length scale accordingly to the uncertainty principle. However, the energy
for an electron is defined being somewhere in vacuum, far away from matter,

and not at a certain position in vacuum.

A classical approach was given in chapter 2.4 where the location for the
vacuum level just outside was given to 10~* cm right above the surface,
which is an approximation in order to avoid electrostatic influence [9] [§].
Considering the location infinite far, it is clear that the work function ®F#9

measured with PES, depends on the length 7 of the lens system and detector,
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3.2. Photoelectron Spectroscopy

see Fig. 3.4l In other words, the location infinite far is experimentally ap-
proximated when 7 >> 107* cm. Especially at APXPS instruments, where
r ~ 1 m, r is large compared to conventional XPS systems since additional
space is required for the realization of the differential pumping. Anyhow,
that might give the impression that ®7F5 rather refers to infinite than just
outside. In truth, ®7#% must be apprehended as the work function @g A0

just outside the sample. Thus, with the method of PES the absolute elec-

3

3., and not €2, is measured. This also applies for KP

trode potential €
measurements involving a calibration procedure with PES and, generally, on
all €4 determinations involving the work function measured with PES. So
far, the only exception is the case of the non-charged electrode, where both

vacuum levels coincide, see ITUPAC' definition.

As it is discussed in 73], [44], the electron density over the (metal|vacuum)
interface results in a dipole, i.e. the surface potential |74, [75] [76], Fig.
b). For a clean metal surface, the dipole moment points towards the bulk of
the metal, generally created by negative charge accumulation at the vacuum
side and positive charge accumulation at the metal side. For an electron at
distance r from the dipole with the extension L the potential energy F, is
shown in Fig. c¢) [73]. The flat portion is associated with Ep [73] that
exists for r << L. In the case that r >> L, the potential energy declines
with oc 772 to Ey and can be approximated by a point dipole. When the
sample and the detector of a PES instrument are in equilibrium, this is the
case when @%O‘V = @?Alv, Fig. a), the photoelectron leaving the sample
loses the kinetic energy @g AlO and eves4)v, enters the detector on Ey, gains
the kinetic energy —et.py and —@gw such that energy is conserved since

no work is required to move an electron from the sample to the detector,
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a) C)
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Figure 3.6: The work function measured with PES: a) the Fermi levels of
the detector and the sample are aligned. A photoelectron leaves the sample
to the vacuum level just outside the sample Es40, enters the vacuum level at
infinity By = 0, reaches the vacuum level just outside the detector Epp, and
reenters the common Fermi level. b) The electron density distribution at
the (vacuum|sample|detector|vacuum) interface results in a surface dipole.
c) The potential energy of an electron depends on the distance r and the

geometry of the dipole with the extension L. Adapted from [73].
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3.2. Photoelectron Spectroscopy

Eq. BI0]
q)gA\O + etesay — eYepiy — %O =0 (3.11)

Photoelectrons arising from the cut-off lose all their kinetic energy at Esao
and fall back to the common Fermi level. For this reason, PES measures the

work function just outside the sample. Therefore,
PP = 0F, 6. (3.12)

Using the method of Neff and Kotz [42, 37|, the absolute electrode potential
can be determined on electrodes emersed into the UHV, see chapter [3.1.1]
Since it was shown that the electrochemical double layer cannot maintained
after the process of emersion, “..investigations of the molecular and electronic
structure of electrochemical double layers on emersed electrodes under UHV
conditions appear to be highly questionable” [42]. Anyhow, a 1 : 1 correlation
between the emersion potential and the work function ®F is found [42]
37]. Whether or not an intact electrochemical double layer is maintained,
the measured work functions is an absolute electrode potential €3, , but not
directly comparable to an immersed electrode. For a sample (SA) with an
adsorbed solution (S), e.g. an electrolyte layer of an emersed electrode, the

photoelectron of the (SA) has to cross the interface (SA[S|O). Thus, the work

function becomes to:

eops = PSaisio/e = PGa0/e + Atesars (3.13)

Eq. is identified with a work function change from the clean sample
(SA’) to the (SA) with the adsorbed solution. Hence,

€ops = ‘I)gA|S|o/€ = q)gA’\O/e + AD° /e, (3.14)
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Eq. can be written as:

eops = PSasio/€ = PTujsiy/€ — Wesa (3.15)

And for the clean (SA’), the photoelectron crosses the interface (SA’|O) such
that

q)gA'\o/e = ®Fu /e — Yesa (3.16)

is obtained. Comparing Eq. [3.14], [3.15] and [3.16], gives the change due to the

adsorbed electrolyte layer to:

A(DO/G = @Z)eSA’ - @Z)eSA (317)

In summary: For an emersed electrode covered with a thin film of elec-

trolyte, thin enough that photoelectrons can cross the interface (SA|[S|O),

3

ops 18 directly obtained from the work func-

the absolute electrode potential €

tion by PES.

3.3 In Situ/Operando Electrochemistry in Ultra-High

Vacuum

Chapter is partially reproduced from FElectrochemistry in ultra-high
vacuum: The fully transferable ultra-high vacuum compatible electrochemi-
cal cell |T7] https://doi.org/10.1063/1.5046389. In agreement with the
copyright guidelines of the AIP Publishing (see Appendix [C| Fig. this
chapter contains parts of text, graphics, and tables of said article. The au-
thor’s contribution includes the design of the set-up, execution and analysis

of experiments, discussion of all experimental results, and article writing.

3.3.1 Engineering: The Specification Sheet
The aim is to construct an electrochemical cell (EC) that allows to conduct
in situ investigations of the electrode surface in operando. Preferably, a con-

trollable thin film of electrolyte is desired to form at the electrode surface
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3.3. In Situ/Operando Electrochemistry in Ultra-High Vacuum

that allows the electrolyte and the gas phase to be in thermodynamic equi-
librium and further affects the electrochemical potential, see Eq. 2.11], [2.16]
In contrast, electrodes emersed in UHV [42, 37|, where presumedly only
~ 1E71 mbar of H,O is present, are barely in the condition of bulk elec-

trolyte.

On a technical background, the compatibility of UHV and electrochemistry
is opposed. From an analytical perspective, the pressure gap is reduced by
the development of the APXPS, but also here technical restrictions must be
considered. An electrolyte in equilibrium with its gas phase, will form crys-
tals that produce short circuits in the lens system as well as in the detector.
Hence, damaging the most expensive parts of the equipment. For that rea-
son, the required specifications for the EC are the exclusion of electrolyte
contamination and further the possibility to operate the EC in UHV as well.
In addition, a conventional three electrode set-up should be used, with the
working- (WE), reference- (RE), and counter (CE) electrode connected to a
potentiostat that is located outside the vacuum chamber. Thus, appropri-
ate electrical feedthroughs are required: three for the WE, RE and CE, two
to bias the WE against the ground potential that allows to determine work
functions with PES. Considering the choice of materials, exclusively UHV
compatible and chemical inert materials are suitable, see [78|. Especially for
accurate work function measurements only non-magnetic materials must be
used. Generally, the material selection and its application in UHV is condi-

tioned, by the mechanical strengthm, gas permeationEL low vapor pressure,

12At Ap = 1 atm, a vacuum chamber with a surface of 1 m? needs to withstand a force

of 1ES N [79].
13The permeation rate of a FKM (fluoroelastomers) O-ring for atmospheric air with 60 %

humidity is about 4E~7 Pa m3/s, limiting the vacuum to 1E~8 mbar [79).
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clean surfaced!] thermal compatibility{®] and chemical inertness [79].

In vacuum technology, the equilibrium pressure p., is obtained when the
gas load equals the pump throughput. For a vacuum chamber, specified by
its volume V,, inner- and external surface area, wall thickness, and leaks,
the pump speed (S) can be chosen accordingly to the desired equilibrium
pressure, classified in Tab. [3.1]

Table 3.1: The pressure classification in vacuum tech-
nology. Abbreviations: Number density (NP), mean free
path (MFP), low vacuum (LV), medium vacuum (MV),
high vacuum (HV), ultra-high vacuum (UHV). Repro-
duced from [79).

p range p (mbar) ND per (em™3) MFP (m)

1 atm 1013.25 2.7E1? 6.8E8

LV 300...1 1EY. . 1E 1E-8.1E*
MV 1.1E73 1B, 1E"3 1B~ 1E!
HV 1E-3.1E°7 1EYW.1E° 1E-1.1E3
UHV 1E-7..1E~? 1E°.1FE* 1E3..1E®

The gas load depends on the sum of leak rates 7; that is composed of indi-
vidual contributions from simple leakﬂ 71, permeation through W&ll@ Tp,

and outgassing from metal surfaces 7)/(t) and seals 7¢(¢). If the total leak

Low surface roughness, i.e. little molecular adsorption and lower degassing.
15Bake-out for UHV is required and low thermal expansion is wanted.

16E.g.: Crack, hole.

1"Becomes significant in UHV [79).
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rate is known, the equilibrium pressure can be calculated from Eq. [79].

1 1
Peq = 3 ZTZ' = S_p (10 + 70 + s (t) + 75(1)) (3.18)

Since leaks and permeation@ are static, the leak rate 7, 4+ 7p is obtained by
Eq. and can be determined by measuring the pressure increase Ap over
a short time At [79].

A
TLp =T +Tp = Z—tv , At small (3.19)

Even leaks in the UHV region can be measured. From the atmospheric side
a tracer gaﬁ intrudes with the speed of soundm through simple leaks [80],
further, being detected with a mass spectrometer. On the same time scale

gas permeation can be neglected.

The maximum tolerable leak rate 7,,,, of the EC, including all feedthroughs,
can be formulated, firstly, on a technical restriction and, secondly, as the
required time to perform experiments. The technical restriction is the maxi-
mum operational pressure of the X-ray source. To limit the risk in occurring
flashovers, at an anode voltage of 15 £V, the maximum operational pressure
is 1E~" mbar. Leaks in the EC lead to electrolyte loss that limits the time to
prepare and perform experiments in UHV. An acceptable time to introduce,
i.e. to evacuate, the EC is 1 day, while the experiments are assumed to last

5-6 days, giving a total time of 7 days in UHV. The electrolyte volume is 100
ul.

With these considerations, the seal of the EC needs to be engineered to

meet the most severe restriction. Comparing the different restrictions, it

181t is assumed that the diffusion conditions stay constant.
O Typically He.
20For He: 970 m/s [80].
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can be seen from Tab. [3.2] that 7,4, is technically limited. Assuming that
Tmaz 18 caused by a simple leak, a geometrical equivalent hole diameter can
be calculated from Eq. [80], where vy, is the thermal speed of water

vapor leaving the EC. Hence, a maximum hole diameter of 2.5E~" m can be

allowed, see Tab. [3.2]
4T
A= | —T 3.20
T Ap vy, (3:20)

Table 3.2: Technical engineering of seals in UHV: cal-
culated for: Ap = 1 atm (EC interior/UHV), vy, =
585 ms~! (HyO vapor) [79], S, = 300 Is~!. Indicated
by *: S, = 80 Is~!. Ideal gas behavior is assumed. Col-
ored entries are based on measurements. Abbreviations:
technical (tech); experimental (exp); mass spectrometer

(MS); pressure gauge (PG).

Condition T (mbar 1l s7') pey (mbar) Hole @ (m)
tech. restriction Typee 3.0E7° 1.0E~T 2.5E77

exp. restiction T,u. 22F~4 7TH5E7T 6.9E6

UHV Tpin 3.0E710 1.0E~12 8.0E~10

Ap with PG 1 pys ¥ 8.0E7 * 1.0E—8 * 41E78 *

Ap with M#Z‘ TLP 6.0E78 2.0E710 1.1E-8

In order to realize a seal that fulfills the requirements of 7,,,., the area
of the seal and surface roughness is relevant with respect to d,, and careful

machining is required. This required an iteration process through subsequent

21 At mass 18.
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EC designs, steadily having been improved. So far, the latest generation of
ECs outperform the stated requirement. The leak rate of the E(? was

determined in two ways:

Firstly, measuring the pressure with a pressure gauge (PG) while the EG%|
was evacuated in the load lock (LL), with S, = 80 Is™'. After 24 hours of
evacuation, the pressure was compared to the equilibrium pressure of the
empty LL and the leak rate was calculated with Eq. [3.I8] The theoretical
time to evacuate the LL can be calculated with Eq. [79] and is much

smaller than 1 s.

Vi
tevac = LL lnﬂ <Ll1ls (321)
Sp Deg

Since water adsorbs on the surface, considerably longer evacuation times are
observed in practice. The desorption time can be calculated with Eq. [79].
With the area normalized specific desorption rate of water on stainless steel
' =2.7E7% mbar ms~! [79], the time constant ¢, = 1 h [79], the surface area
A = 0.3 m? and p., = 1E~® mbar, the desorption time is about 100 hours.
Hence the leak rate, determined in the LL, is still influenced by adsorbed

water, thus and 7,py s was measured in approximation, see Tab. [3.2]

~ 100 h (3.22)

Secondly, the EC was transferred into another chamber (S, = 300 Is71).
Here, the leak rate was determined using a mass spectrometer with a detec-
tion limit of £1E~* mbar. In the meanwhile, the EC was used in UHV for
500 hours, long enough to assume that 7(t) ~ 0. The pressure increase was

obtained from the signal at mass 18, but also other{’}, and is compared to

22With the same EC and without modifications.
23Previously, the EC was assembled in a glove box with ~ 100 % relative humidity.
24 At the masses 80, 81 and 64 (all from H»SO,), with intensities below the detection limit.
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the equilibrium pressure of the empty chamber. In this way, the leak rate of

Trp was determined, see Tab.

3.3.2 The Set-up

A new experimental set-up for in situ/operando investigations of redox reac-
tions is introduced. This set-up in combination with UHV methods from the
field of surface science, provides completely new possibilities to investigate
electrochemical redox reactions. Two types of cells are distinguished con-
ceptionally: In the permeation configuration, the WE is electrochemically
polarized on one side of a membrane (entry side), leading to atomic hydro-
gen uptake, i.e. allowing proton and electron exchange between the entry
and the other side (exit side) of the membrane. Here it is found that the
applied potential on the entry side shows a 1 : 1 correlation with the mea-
sured potential on the exit side [8T]. The concept of the window cell requires
an ultra-thin, electron transparent window, such as single layer graphene
(SLG), for XPS, or X-ray transparent silicon nitride windows for X-ray ab-
sorption spectroscopy (XAS). In this case, the (solid|liquid) interface can
directly probed under applied potentials. In both configurations the applied
potential is measured with a palladium hydride (PdHx) RE, with so far un-
seen precision and long-term stability. The cell is constructed with regard to
transferability within a UHV system that allows sample preparation. A mod-
ular construction allows a straightforward changeover between the different
configurations. As a first application, an approach based on atomic hydrogen
is presented. Further application concepts are discussed. The set-up func-
tionality is demonstrated by the example of in situ/operando investigation

of the palladium oxide reduction.
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3.3.3 Background: The Electrode in the Dry

Recently it was found that an electrode potential applied on one side (entry
side) of a palladium sample can lead to an even change of the work function on
the other side (exit side) of that sample [81]. As shown in Fig. [3.7] the work
function of a palladium sample in dry nitrogen atmosphere, whose entry side
is exposed to electrolyte and polarized to different potentials, indeed shows
a 1: 1 dependence on these applied potentials. According to Eq. 3.:23] the
measured electrode potential esy g, can be expressed by absolute electrode

/

potentials, e.g. €2,
€SHE = 63273 - EELS(SHE) =1/e ((I)%E\S\V - ‘I)%OE\S\V(SHE)) (3.23)

In terms of electrochemistry: defined by the Nernst equation the electrode

600 0.2
i ° H . °
3 >0 \ e O'O—\ . ¢ *
= e e
< 4001 . S 0.2
g <
5 3007 o >-041
-9 =
S 200 g
B o [Jo-phase S -06
2 1004 o [Z A o+B-phase o [ Ja-phese
X N3 E]p-phase 5 -0.8- [ o+p-phase
g 0 \ e work function changel|  © ] B-phase
® work function change| ® polarization low to high
NN 1:1 dlope -1.01 ® polarization high to low
-100 0 100 200 300 400 500 600 -100 0 100 200 300 400 500 600

potentia vs. RHE (mV) potential vs. RHE (mV)

Figure 3.7: a) Kelvin Probe (KP) measurements of the work function change
(exit side) and b) current density (j(e) curve) correlation, both depending
on the applied potential (entry side). On the entry side, 100 pm thick poly-
crystalline palladium (99.95 %) is exposed to 0.1 M HySO,. The atmosphere
on the exit side is dry nitrogen with a relative humidity (r.h.) of < 0.1 %.

All measurements were performed at room temperature.
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potential of a PdHx electrode depends sensitively on the hydrogen activity
in the palladium, as it is indicated by the different phases of the PdHx,
Fig. 3.7 Applying an electrode potential on the entry side, which is low
enough for hydrogen absorption, leads to a corresponding potential on the
exit side. Due to a high hydrogen solubility and -diffusion, electrochemical

equilibrium is achieved between both sides of the membrane.

At potentials higher than 300 mV vs. RHE, i.e. at very low hydrogen activi-
ties, longer times are required to equilibrate the entry and the exit side. Since
long enough waiting times were not always sufficiently maintained, deviations
can be observed from the ideal behavior (1 : 1 slope). This also becomes no-
ticeable by changing the polarization direction, which was firstly done for
the blue- and secondly for the black circles, Fig. [3.7] Although the exit side
was exposed to dry nitrogen atmosphere, water in the order of 0.1 mbar is
present and adsorbed on the exit side. In contrast to UHV conditions, this is
orders of magnitude higher and leads to the formation of sub- or monolayers
of water on the exit side [82]. This water layer seems to play a crucial role in

the establishment of the double layer on the hydrogen- and oxygen electrode.

Applying the knowledge from the electrode in the dry towards a UHV com-
patible cell, which is in addition transferable, gives a powerful tool to inves-
tigate surface reactions with the whole arsenal of analytical techniques for
in in situ/operando investigations. A successful implementation consists of

a well-sealed cell and a stable three-electrode set-up.

3.3.4 The Reference Electrode

Here, the major task was to find a robust and long-term stable RE which

allows to miniaturize the cylindrical cell dimensions down to 12 x 10 mm.
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Since no commercially available RE would satisfy the requirements, a PdHx
RE (X = a + () with previously unknown precision and long-term stabil-
ity was developed. Of course, the literature about the PdHx RE is broad,
but no long-term stability with sufficient precision is reported yet. Based
on [83, [84], ’5], the common use is restricted to around 1 — 2 hours [83], 85|
with the precision of £1.2 mV [83] in which the plateau reproducibility is
+10 mV [84]. On the other hand, the so-called internally charged electrode
can achieve much longer times while the binary PdH x phase is continuously
maintained by varying the galvanostatic current as a feedback loop from the
electrical resistance of the electrode [86]. Using this technique allows long-
term usage for 330 hours with the precision of +4 mV [87]. Interestingly,
in this work it was found that also wnitially charged electrodes demonstrate
long-term stability with even enhanced precision by around one order of mag-
nitude, Fig. a)-c). Using a standard electrochemical glass cell, both is
achieved: long-term stability with more than 843 hours and great precision
with a standard deviation ox between 0.5 and 0.16 mV'. Due to practical rea-
sons, the measurement was paused and continued as indicated by the different
sections. Over all sections, there was no need to exchange the electrolyte.
A possible pH shift can be excluded due to the non-detectable electrolyte
evaporation. For each section, Fig. b) and c) shows the corresponding ox
value and slope from linear fitting. The sections 1 and 2 show the transient
in the process of establishing a stable RE potential. Considering the sections
2 to 7, the slope is 4.2E~7 mV/s, measured over 843.3 hours. Extrapolating
the a + [ phase towards the onset of the o phase gives a long-term sta-
bility of around 3200 hours. In section 7, after 1343 hours, it was decided
to end the measurement: The nitrogen flow was stopped and lab air could

enter the system. As a consequence, oxygen gas discharged the PdHyx RE,
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which increased the potential. For clarification, under normal operation the
in situ/operando cell is hermetically sealed and no oxygen can enter it, i.e.
the RE will not be destabilized. This is why the PdHx RE is expected to
show an even better performance in the in situ/operando cell than in the

standard electrochemical glass cell. In summary, section 1 and 2 of the tran-
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Figure 3.8: Long-term stability and precision of the initially charged PdH x

electrode, in 0.1 M H3S0y, at room temperature: a) OCP transient, b)

statistical evaluation.

sient characterize the stabilization of the PdHx RE. Section 7 describes a
destabilization of the PdHx RE, caused by oxygen, while the overall process
represents a discharge, going ahead with an oxygen reduction reaction. For-

mally, this process is understood to proceed in a one- or two-step reaction,
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with their corresponding standard potentials, Eq. [3.24] and [3.25]

Oy +4H" + de” = 2H,0, one step, € = 1.23 V vs. SHE (3.24)

Oy +2H" +2e~ = H,0,, first step, g = 0.682V vs. SHE ( )
3.25

HyOy +2H +2¢” = 2H,0, second step, ¢g = 1.77 V vs. SHE
It is also clear that another reaction has to be considered in order to describe

the equilibrium between the absorbed hydrogen H,,, the adsorbed hydrogen
H,4, and the hydrogen protons H™' dissolved in the electrolyte, Eq. |3.26|

1
Hab\:\Had‘:\H++ei — §H2, €0 =0V wvs. SHE (326)

Whereas Eq. and describe the electrode processes on the oxygen
electrode, Eq. describes the hydrogen electrode in acidic solutions. Since
the cell has a modular structure, different kinds of WEs can be used. There-
fore, different kinds of reactions appear to be possible. In accordance to
enable an easy WE exchange, the cell body, including the RE and CE, is
an independent part of the cell construction. Recently, the cell is designed
to fit on a SPECY?] sample holder type SH 2/12 (see Fig. [3.9/3 b)), allow-
ing full transferability and offering great advantages, compared to a static,
non-transferable cell, build in place: The cell can be introduced through a
LL chamber, separated from other chambers. After the evacuation of the
LL, transferring the cell into the preparation chamber offers all conceivable
opportunities of surface manipulation, such as cleaning by sputtering or de-
positing additional electrode material onto the WE. Since the whole cell is
UHV compatible, the electrode surface can be modified precisely under the
well-defined conditions available in surface science. After the cell is trans-

ferred into the analytical chamber, a wide span of complementary methods

25SPECS Surface Nano Analysis GmbH.
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are available, such as XPS, infrared reflection-absorption spectroscopy (IR-
RAS) and KP, which can be used to investigate the electrode surface. As
mentioned before, it is easy to exchange the WE, allowing to explore other
scientific fields. Hereafter, some examples are given on how the modular
structure of the cell can be used with different kinds of WEs. Basically, two
groups can be found: permeation cells, where the sample (i.e. WE) is a
membrane, permeable for hydrogen, and window cells, where the sample (i.e.

WE) is a window for the applied analytical technique.

3.3.5 Permeation Cell

As can be seen from Fig.[3.9] the cell consists of a conventional three-electrode
set-up in which the Fermi level alignment of the WE and the UHV chamber
is allowed when the WE is connected to the ground (GND) of the instrument.
On the entry side of the WE, the potential is controlled by a RE, such as
a PdHx RE and a CE, e.g. also PdHx. Here, the hydrogen uptake is
controlled potentiostatically, leading to adsorption (ad) and absorption (ab)
on the palladium membrane. The adsorbed hydrogen on the exit side can
react with the atmosphere, leading to reactions products such as water. In
the permeation configuration, the sample serves as membrane which allows
electron exchange on the WE and proton exchange through the WE. For
instance, metallic membranes can be used, wherein hydrogen dissolves in the
metal. Here, the Pd — H-system is of great interest since it shows great
hydrogen solubility and fast hydrogen transportation. Using PdHy as the
RE and PdHx_y as the WE gives great advantage with regard to a possible
pH shift of 59 mV per decade. Since a pH shift in the electrolyte would
affect both electrodes in the same way, the measured potential can still be
referenced against the PdHx (see Fig. [3.7)). Strictly speaking, the intrinsic

potential measurement is not affected by a pH change within the cell, because
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the polarization of the exit side occurs via the entry side by the change in
hydrogen activity a(H) which depends according to the Nernst equation for
the hydrogen electrode just on the potential difference to the RE, Eq.
and [6.5] Furthermore, for each H* reduced at the WE to H at the CE, an H
from the Pd — H phase is oxidized to H™, i.e. the pH is effectively stabilized.

o B (M) o T ()

In equilibrium, the applied potential at the entry side leads to a corresponding
potential on the exit side, Fig. [3.7] This potential formation is understood
in the same context as it is described with the electrode processes on the
PdHx RE, Eq. - In addition, this is also observed for sandwich
samples, such as Fe/Pd, e.g. |81, 88]. The oxygen and the hydrogen elec-
trode are of significant economic importance: fuel cells, water electrolysis,
metal-air batteries as well as oxygen driven corrosion can be investigated at
a fundamental level, on the scale of the electrolytic double layer. Controlling
the atmosphere on the exit side, in the range from UHV up to several mil-
libars, an ultra-thin layer of electrolyte can be formed on the exit side [82].
Thus, giving the opportunity to investigate the oxygen- or hydrogen elec-
trode under full potential control. For instance, APXPS is a great tool to
perform such investigations since it provides both: adjustable atmosphere
and insights into the electronic structure and chemical state present at the
surface. Anyhow, this cell is not only restricted for APXPS measurements,

it can be used in combination with any analytical surface science tool.

3.3.6 Experiment: Reduction of Palladium Oxide
In order to demonstrate the functionality of the set-up under UHV conditions
a fundamental and straightforward experiment will be discussed in the fol-

lowing: Firstly, one side of the polycrystalline palladium membrane (99.95 %

47



Chapter 3. Methodology
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Figure 3.9: In situ/operando cell, membrane configuration: a) schematical
drawing of the ongoing processes during an electrochemical polarization. b)
the in situ/operando cell within the analysis chamber of an APXPS instru-

ment.

purity) was anodically polarized in 0.1 M HyS0y, at 2000 mV vs. RHE for
2 man. This step was done with an external electrochemical set-up. Sec-
ondly, the oxidized side of the palladium membrane was mounted into the
transferable EC, as the exit side, to be analyzed by XPS, Fig. Spec-
tra were taken, at first, at the OCP (open-circuit potential), not hydrogen
loaded, and, at second, while the sample was polarized underneath the re-

duction peak f) visible in the cyclic voltammogram (CV) shown in Fig.|3.11

Fig. shows the transient of the palladium oxide during its reduction
at a potential of 375 mV vs. RHE. In the beginning, each spin orbital con-
sist of two peaks of which the peak at higher binding energies belongs to the
oxidized specie. Between 156 and 208 min, the oxidized specie is no more vis-
ible, but the lower peak, in relation to the broken line shifts, Fig. b). At
1364 min, the palladium is fully reduced, but an 0.5 eV position shift, with
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Figure 3.10: Time resolved XPS spectra (monochromatic Al K«) of 0.5 mm

thick palladium membrane at room temperature in UHV (3£~ mbar 2nd

generation): a) contour plot of the 3d spin orbital in gray scale. Time 0 min

is the reference time at the OCP. At times> 0, the WE was polarized to

375 mV vs. RHE, while each 22 min a new XPS spectrum was taken. b)

isochronous cross sections for different times and potentials. ¢) isoenergetic

cross sections for different binding energies.
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Figure 3.11: CV of the palladium membrane (measured ez situ in a standard
electrochemical cell): 0.1 M HySOy, scan rate 0.05 V/s, step size 0.001 V.
The insert shows a zoom in. The broken lines show the potentials on the entry
side of the cell during the measurement, see the spectra shown in Fig. [3.10]
a) to d) surface oxide formation, d) to f) surface oxide reduction, g) hydrogen

evolution /-absorption, h) hydrogen oxidation /-desorption.
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respect to the metallic component at 335.0 eV, can still be observed. The
reason for that is not fully clear yet, maybe contamination during long-term

experiment plays a role.

When equilibrium is reestablished, the potential at the entry and exit sides
are identical in terms of hydrogen activity, i.e. only oxides that are favored
to exist under such an equilibrium are present at the exit side. From the XPS
spectrum it is difficult to identify the specific palladium oxide. However, it is
also likely that mixed oxides were simultaneously present at the surface. Sim-
ilar XPS spectra of palladium oxides are found in [89], where the palladium
foil was electrochemically oxidized at specific times and potentials, followed
by XPS analysis. Other investigations were performed in [90], where a new
2D surface oxide was found, formed by heat treatment during molecular oxy-
gen exposure. In addition, the corresponding binding energies are close to
each other, as listed in Tab. [3:3] In this work, a precise assignment was,
however, not tried as the focus was to elucidate the electrochemical principle

and functionality of the cell.

Table 3.3: Binding energies of palladium oxide species.
Preparation (Prep.) by: (1) electrochemical oxidation
of a palladium foil; (2) heat treatment with molecular

oxygen of Pd(111) single crystal.

Species Prep. Pd3ds;,; (eV) O 1s (eV) Ref.

PdO,q (1) 335.6 - 89
PdO (1) 335.3 532.7 39
PdO, (1) 337.9 - 89
Pds0, (2) 337.9 - [90]
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The data obtained here clearly show that the redox reaction occurring at the
exit side can be followed by XPS in situ, i.e. an in situ investigation by XPS
of an electrochemical reaction was performed here. Independently from the
actual palladium oxidation state, H, diffusing from the entry to the exit side,
reduced the palladium oxide, where PdO is reduced along with the reaction

in Eq. and PdO, along with the reaction in Eq. [3.29|

PdO +2H™ +2e¢~ = H,O + Pd (3.28)

The applied potential determines the net direction of the redox reaction.
Hence, it is possible to trigger the reduction of palladium oxide potentiostat-
ically. Such an in situ/operando investigation was realized here for the first

time. Apparently, this feature can be transmitted to other reactions, such as

the oxygen- and the hydrogen electrode, Eq. to [3.26] see e.g. [91].

3.3.7 Window Cells

Another approach for in situ/operando investigations are window cells. Sim-
ply by exchanging the membrane from the permeation cell by a window one
obtains a window cell. This can be done either by a graphene or by a silicon
nitride window, Fig. 3.12] In that configuration, the window provides the
separation of the high- and low-pressure side and simultaneously is the elec-
trode or can act as the carrier for the electrode material. Since both X-rays
and photoelectrons can pass through the graphene, the emitted photoelec-
trons can be analyzed by the detector. For electrons with a kinetic energy of
66 eV, the transmission through a single layer graphene (SLG) is 27 % [92].
In order to prevent the SLG window from rupture, a perforated silicon nitride
window can be used as a supportive material on the SLG window. It was

shown in [93] that SLG can sustain pressure differences in the exceedance of
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6 orders of magnitude, allowing atmospheric measurements up to 1500 mbar.
Besides the impressive mechanical strength, graphene also shows imperme-
ability for liquids and gases [94] [05]. Therefore, graphene can be used as a

window material for an electrochemical cell.

a) detector b) detector
©-Q fluorescent photon
X-ray source dwbo\ X-ray source scattered X-ray
4 4
hv b—d\oj hv ; ;
specific pH ¢ graphene window specific pH hv /Si3N4 window

RE—
CE—

Figure 3.12:  Window cell configuration for, a) the graphene- and b) the

silicon nitride window.

3.3.8 Summary

A novel in situ/operando cell was developed which is UHV tight and trans-
ferable between different UHV chambers. The cell can be handled just like
a normal sample. Thus, Ar-sputtering or deposition of other materials, e.g.
creating a sandwich sample, is possible. The cell can be used without any
modifications of the analytical system. Therefore it is an attractive alterna-
tive to other in situ/operando set-ups. Further, the UHV equipment is not
contaminated with electrolyte, causing damage or the necessity of running a
bake-out. From the scientific viewpoint, the cell allows to fully control not
only the potential of electrodes covered by just ultra-thin electrolyte layers
but also to measure the full j(e) correlation for electrochemical reactions,
such as oxygen reduction on that same electrode. This is a breakthrough of
greatest importance in respect to in situ monitoring of redox reactions via

the whole arsenal of UHV- and electrochemical techniques in combination.

23



Chapter 3. Methodology

It allows to:
e measure absolute electrode potentials.

e measure j(e) curves on electrodes covered by ultra-thin electrolyte lay-

ers, even down to the sub-monolayer range.
e use analytical surface science tools without any restrictions.
e reveal the chemical species and states.

e characterize the full electrode, as the electrolyte layer is very thin and

controllable from clusters over monolayers to nanometers.

Based on the modular structure, the cell can easily be turned into the window
cell configuration. Thus opening up further possibilities. One single cell can
be assembled, tested, and if necessary, transported to different facilities, and
so undergo several surface analytical methods which can be then correlated.
Thus, the user can perform plug and play experiments. In comparison to
static assemblies [93] 96], this means a significant simplification in conducting
experiments. With regard to time and purity, considering residual gases,
there is no need to vent the analysis chamber in respect to adapt the present
configuration towards the users’ needs. Particularly at synchrotron facilities,
beamtime is a valuable resource. Therefore, preserving time for additional

data acquisitions is of substantial advantage.
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Chapter 4
The Hydrogen Electrode on Palladium

4.1 Sample Preparation

Polycrystalline palladium samples of 99.95 % purity were annealed in HV
for 2 h at 600 °C. Afterwards, both sides of the palladium membrane were
grounded and polished. The last polishing step was accomplished with a 1
micron diamond suspension, resulting in a membrane thickness of 0.08 mm.
Sample cleaning was performed going through ultrasonic baths in steps of
acetone absolute, detergent and ultrapure water. The EC (see chapter
was assembled in a glove box, at less than 70 ppm of Os, purged with wet
Ny at near 100 % r.h.. The electrode arrangement is identical as shown in
Fig.[3.9) The EC was evacuated in the LL of the APXPS, and the leak rate,
as reported in chapter [3.3.1] was determined. Sample preparation in UHV,

i.e. Ar-sputtering, was performed to clean the WE electrode on demand.

4.2 Work Function in UHV

A potential vs. SHE was applied on entry side of the palladium membrane
and controlled potentiostatically. As a consequence of the hydrogen charging
and some loss into the UHV, the initial base pressure raised from 2.3E~1°
at (352 mV') to 6E~° mbar at (51 mV'), which indicates very low hydrogen
loss. After an equilibration time of 18 h, the exit side of the palladium
membrane was sputtered for 10 min with 5 kel Ar ions at a pressure of
1E-7 mbar. With a time difference of 15 min, required to start the X-ray
source, the work function was measured firstly with XPS and secondly with

UPS. In successive steps, the sample was polarized from 352 mV to 51 mV..
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Chapter 4. The Hydrogen Electrode on Palladium

At each potential the above procedure was repeated. All XPS spectra were
obtained using a monochromatic Al K« light sourcd] The energy scale has
been calibrated on the Ferm: edge of a sputtered Ag reference sample. The

UPS spectra were obtained using a He I light source?}

Fig. shows the work function dependency on applied potential for two
independent measurements. For comparision, the work function of UHV-
annealed polycrystalline palladium is 4.6 eV for foils [97], 4.95 + 0.05 eV for
thin films [97], generally accepted to 5.00 eV [98], 9] or 5.01 eV [100], i.e.
~ 5 eV [I01]. Annealing palladium films at different temperatures results
in work functions ranging from 4.9 to 5.22 eV [102]. In the situation here,
the value of 5.0 eV for UHV-annealed polycrystalline palladium is assumed
at low hydrogen activities. At high hydrogen activities and potentials lower
than 200 mV, the work function increases about 0.276 eV and 0.233 eV for
XPS- and UPS measurements, respectively. From [103] it is known that UPS
can result in a lower work function of up to 0.5 eV, qualitatively confirming
the results obtained here. Besides that, traces of impurities in the UHV can
lead to surface adsorption, and thus alter the work function [I04]. In sur-
face science, a rough estimate of the required time to form one monolayer
is 1 s at a pressure of 1E~¢ mbar. Therefore it takes about 2300 s to form
a monolayer at the pressure of 4.3E71° mbar. Indeed, this is not enough
time to perform one high-resolution work function measurement. For this
reason, the time effect on the work function measurement was investigated
on a second sample, Fig. and For that sample a similar procedure
was used, including polarization and Ar-sputtering. Different from before,

time resolved work function measurements were performed. Followed by the

Thy = 1486.71 eV.
2hy =21.2 €V.
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Figure 4.1: Work function of the hydrogen electrode for two independent

measurements in UHV, right after Ar-sputtering.

polarization to 143 mV', the potential was changed at time zero to 61 mV and
the cut-off was continuously tracked with a tradeoff in resolution, Fig [£.2]
With a time lag of about 1000 s, the work function starts to increase lin-
early on a logarithmic time scale, Fig. [£.3] The next day, while the sample
was continuously polarized in UHV, the work function of the non-sputtered
sample was measured again and it is found that the previous increase equals
about two times the present decrease, Fig. [1.3] Repeating the work function
measurement, on the freshly sputtered sample gave the result at 61 mV, as
shown in Fig. and labeled as sample 2. A comparison of the results from
sample 1 and 2 indicates a high degree of reproducibility.
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4.3. Effect of Carbon Species

4.3 Effect of Carbon Species

As mentioned in chapter [4.2] trace amounts of residual gases in the UHV can
alter the work function [104]. Typically, a residual gas of an UHV chamber,
when measured with a mass spectrometer, is found to be mainly composed
of Hy, CO,CQO5, where minor portions are detected for H,O and its OH
fragment [79]. Hydrocarbons are effectively extracted by turbo molecular
pumps [79] and minimized by the usage of dry scroll pumps. Both applies
for the UHV system used in this work. Anyway, exposing a clean surface
to UHV leads to trace impurities on the surface after a certain time. CO is
known to adsorb on palladium single crystals [105, T06]. C'Oy adsorption is
found on palladium dispersed on various supports, while in presence of H,
the CO, uptake was enhanced [I07]. Infrared spectroscopic measurements
showed that adsorbed CO and HCOO™ are formed by surface interaction of
Hy and CO, [107]. In application, palladium is well known as an excellent
catalytic converter for CO into C'O,, which is commonly used in a three way

catalytic converter for exhaust gases, see [108].

Indeed, the C' 1s spectra in Fig. show a response, i.e. a change as a
function of applied potentials, and thus on the hydrogen activity. Since the
palladium sample was sputtered several times, without leaving the UHV sys-
tem, the carbon source must be the UHV system itself; therefore considered
as internal carbon contamination. Fig. shows distinct C' 1s peaks, labeled
by its peak number p;. Comparing the overlay from spectrum (1) and (3),

one sees an increase of the peaks py and ps when the potential is decreased,

Fig. [4.4]

Another source of carbon, which is assigned to external carbon, can be iden-

tified when the sample is introduced from outside into the UHV system and
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Figure 4.4: Internal carbon from UHV: C' 1s spectra that show impact on the
applied potential. The number in brackets corresponds to the chronological

order of the measured spectra.
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4.3. Effect of Carbon Species

no Ar-sputtering is performed. The new peak ps, assigned to external car-
bon, is found. Anyway, the C' 1s shows a similar dependency on the applied

potential: ps, p, including p, and p3 decrease when the potential is raised,

Fig. [4.5
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Figure 4.5: External carbon: C' 1s spectra that show a dependency on the
applied potential. The number in brackets corresponds to the chronological

order of the measured spectra.

The reversibility of the C' 1s spectra, as a reaction on the applied potential,
was checked by re-polarizing the sample from 352 mV back to 10 mV. Com-
paring the spectrum (1) and (5) in Fig. 4.6, partial reversibility is found,
where the differences are rather in the intensity than in the presence of the

peaks.
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ORC)

intensity (a.u.)

24 22 20 288 286 284 282 280

binding energy (eV)
Figure 4.6: External carbon: C' 1s spectra that show partial reversibility
in the formation of carbon species at similar potentials. The spectrum at
12 mV is the same as shown in Fig. £.5] The spectrum at 10 mV was taken
after polarization to 346 mV. The number in brackets corresponds to the

chronological order of the measured spectra.

4.4 Hydrogen Electrode in Water Vapor

The hydrogen electrode as the “electrode in the dry” originates from KP
measurements in “dry” nitrogen gas at 1 atm [8I]. Even though these mea-
surements were performed in controlled conditions, a direct comparison to
UHV conditions is not possible. Besides impurities, referring to external
carbon, “dry” nitrogen still contains trace amounts of water in the order of
0.25 mbar. For that reason, it was decided to approach these conditions in
a first experiment for the non-sputtered sample in UHV, in a second experi-
ment for the non-sputtered sample in 0.25 mbar water vapor, reflecting “dry”

conditions from the KP measurements in [81], and in a third experiment for
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4.4. Hydrogen Electrode in Water Vapor

the Ar-sputtered sample in 0.25 mbar HoO mbar vapor.

A leak valve was used to supply water vapor. The leak valve is connected via
an evacuabld’ and bakeable gas line to a glass flacon. Ultrapure water was
filled into the glass flacon and degassed by the freeze-pump-thaw technique.
In the last degassing cycle, the frozen water was degassed to a pressure of

4E~% mbar while cooled with liquid nitrogen.

At low hydrogen activities, i.e. applied potentials down to ~ 300 mV vs. SHE,
three days under continuous polarization were waited for each potential step
to establish equilibrium across the entry- and exit side of the palladium mem-
brane. At potentials lower than 300 mV', equilibrium is reached faster, and

only two days were waited.

In order to start the experiment at low hydrogen activities, an initial dehy-
drogenation process was performed: By means of the C' 1s spectra in Fig. [4.7]
when the WE was the first time polarized to 745 mV', clear differences appear
on the first and second day. No further differences are observed on the third

day, elucidating that equilibrium is established.

The first experiment was started at 745 mV " and subsequently polarized more
cathodically. After an initial work function increase, a 1 : 1 relation on the

applied potentials is obtained, Fig. [4.8|

At the last polarization step, the second experiment was started by dosing
0.25 mbar of water vapor into the reaction chamber. In consequence, the
work function is shifted about —61 meV on the axis intercept. From there
on, the potential was subsequentially raised. Also here a 1 : 1 relation is

found, leveling out at 4.39 eV, Fig[4.8]

3By turbo molecular pump.

63



Chapter 4. The Hydrogen Electrode on Palladium

non-sputtered, UHV
— AE.:-0.322eV

(OCP) (3)

3 ]
& ..
b 85
b= e’:.:
§ g -'m«.'.'m«-'.-‘
1(@1) A
1(ocP) PLARIY g
- [} : : : | m
%@WM . {;F’l M%
| pa p9 7

T T T T T T T T T T T 1
294 292 290 288 286 284 282 280
binding energy (eV)

Figure 4.7: Dehydrogenation and the effect on the C' 1s spectra due to po-
larization. (OCP) before polarization. Days after the start of 745 mV po-
larization: (1) first -, (2) second -, and (3) third day.

64



4.4. Hydrogen Electrode in Water Vapor

4.6
o

4.5
iy ,.-0",0-.0
P Y
2 ¢ o o
c . - (6}
S 4.4- e o
B 3"0'”0"“'(:7""'0,.~""O
c 9
= o
= 1:1 ‘
S 434

-_-, _ O 1. non-sputtered, potential down, UHV
42 11 O 2. non-sputtered, potential up, 0.25 mbar H,0O
O 3. sputtered, potential down, 0.25 mbar H,O

I I

T T — T - T T T T T T T T T 1

-0.1 00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

potential vs. SHE (V)
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In the third experiment, the EC was transferred from the reaction cell into
the UHV of the preparation chamber, where Ar-sputtering was performed
while the sample was polarized to 456 mV. Again back in the reaction
chamber, water vapor was dosed to 0.25 mbar. Initially the work function
decreased until its infection point at ~ 200 mV, followed by a slight increase

and reaching the intercept at the value pair of (4.39 eV;0 mV).

A general trend for work functions is found by comparing the results from the
Ar-sputtered sample (UHV /water) and non-sputtered samples (UHV /water):
Carbon species, water or hydroxyl adsorption lower the work function of

about 0.45 eV to 0.6 eV, see Fig. and 4.8

The C' 1s spectra for high and low potentials are shown in Fig. [£.9] Consid-
ering the overall intensity, it is found that water exposure increases the total
carbon amount, whereas the carbon amount stays the same in UHV. On the
sputtered electrode, referring to internal carbon, the carbon is significantly
altered and only a minor influence is found in dependency of the applied
potential, i.e. hydrogen activity. For the non-sputtered electrode a similar
trend as before is found: The increase of hydrogen activity shifts the main
peak position to higher binding energies and further produces carbon species
with a binding energy in the range of 286 — 290 eV'. In general, water seems

to have a moderating influence on the overall change of the C' 1s spectra.

On the Pd 3ds/; spectrum, characterized as the most intense peaks among
the XPS Pd peaks, a clear difference is found upon Ar-sputtering, Fig. [£.10]
For the sputtered sample, the peak at 335.0 — 335.1 eV, coinciding with the
peak position p; for clean palladium, see Appendix [A] Fig. [AT], is reduced
while the peak p, at 335.6 eV becomes clearly visible, attributed to PdO,4

in [89]. In the present case, p, is attributed to water adsorption.
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Figure 4.9: C' 1s spectra under different conditions: a) low hydrogen activity,

b) high hydrogen activity.

67



Chapter 4. The Hydrogen Electrode on Palladium

a ©° 320mV vs. SHE, sputtered, 0.25 mbar H,O
o 345mV vs. SHE, non-sputtered, 0.25 mbar H,O
N o 345mV vs. SHE, non-sputtered, UHV

intensity (a.u.)

b) ° 5mV vs SHE, sputtered, 0.25 mbar H,O
o 5mV vs. SHE, non-sputtered, 0.25 mbar H,0O
N o 5mV vs. SHE, non-sputtered, UHV

intensity (a.u.)
|
30 o o
o
}

1 L

I o T
N

--

(Eﬁf

338 337 336 335 334 333
binding energy (eV)

Figure 4.10: Pd 3ds/, spectra under different conditions: a) low hydrogen
activity, b) high hydrogen activity.
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The O 1s matches the peak position of the Pd 3ps/» at ~ 532 eV. Thus, it
is difficult to resolve the O 1s of water related species from the high metallic
background of the Pd 3ps/5. As a result of the j-j coupling, the Pd 3p;/, and
3/2 spin orbital have a fixed ratio of 1 : 2. To separate the O 1s contribution
from the Pd 3p, the method of incremental difference spectra, implemented
in CasaXPS [109], is applied. Here, the incremental step is set to 0.1. The
zeroth increment starts at 0, referring to 100 % of spectrum A, and ends at

100, referring to 100 % of spectrum B.

Fig. compares the Pd 3p spectra of the non-sputtered (spectrum A) and
sputtered sample under the influence of water vapor (spectrum B). When
measured with water vapor, the incremental difference spectra in Fig.
reveal an increased amount of oxygen containing species, labeled as p; and ps.
At the 480th increment, the 3p; /» contribution is canceled out, meaning that
the palladium contribution to the O 1s is fully compensated. Further, on the
518th increment, the peak p; becomes more pronounced. The water amount
shown by the incremental difference spectra is underestimated here: Since
for the non-sputtered sample, an already adsorbed water layer is realistic,
it partially cancels out by the incremental difference spectra. A calculation
of the difference spectra with a water- and carbon-free palladium reference
spectrum results in a more explicit water signal but would have an additional

carbon contribution to the O 1s that is minimized in the other way.
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o 5mV vs. SHE, UHV non-sputtered: Spectrum A
o 5mV vs. SHE, sputtered, 0.25 mbar H,O: Spectrum B

incremental difference spectrum: A-B, increment 480
incremental difference spectrum: A-B, increment 518
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Figure 4.11: Pd 3p spectra under the influence of water vapor.
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Chapter 5

The Hydrogen Electrode on Iron Oxides

5.1 Iron Oxides: Reference Spectra

Numerous studies have been done on the Fe/O system, and extensively in-
vestigated with XPS [T10], 11T}, 112, 113], 114]. Regarding the different oxides,
Fey03, FesOy, and FeO exist only under well defined conditions of tempera-
ture and oxygen pressure [115]. The most challenging part to obtain reliable
reference spectra consists in a proper sample preparation. Some impairments
have to be accepted due to ex situ sample preparation and in-UHV investi-
gation. From the perspective of thermodynamics, conventional XPS in UHV
does not allow to observe the different oxides under equilibrium conditions.
Up to now, data collected in thermodynamic equilibrium cannot be found
in the literature. With the help of the APXPS, O, can be used to form the
corresponding equilibrium oxide while chemical states can be traced with
spectral information as well as identified in the same manner. Further, dif-
ferent iron oxides can be formed from just one sample. Thus, enabling full

comparability.

First, 99.95 % pure polycrystalline iron was grinded and polished in several
steps. The last step, performed with a 1 micron diamond suspension, resulted
in a mirror like finish. Type K thermocouples were used to measure the
sample temperature, not directly on the sample but close to the sample on
a mask that holds the sample. An IR laser, focusing on the backside of the

sample holder, was used to heat the sample. All XPS spectra were obtained
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using a monochromatic Al K« light sourceEL with the energy scale calibrated

on the Fermi edge of a sputtered Ag reference sample.

To remove native oxides and carbon contamination, the sample was heated
in UHV to 750 °C'. Further on, the sample was cooled to 100 °C', and the
metallic iron spectrum of the 2p spin orbital was measured, Fig. and [5.2]
Heating the metallic iron sample to 637 °C' at a pressureﬂ of 2E-8 mbar O,
led to the formation of non-stoichiometric Fe;_,O. After 3 hours at stable
conditions, the Fe;_,O spectrum was measured, Fig. and 5.2l Cooling
the sample while the Oy pressure was maintained, the stoichiometric Fe,O3

was measured at 100 °C', Fig. and [5.2]

From the phase diagram in [I10], Fe;_,O is thermodynamically stable at
temperatures above 570 °C' and oxygen pressures at less than 1E~17 mbar.
For that reason, the observed Fe;_,O should not exist. Anyway, as it is
reported in [I16], F'e;_,O is obtained at 700 °C' by an oxygen treatment at
1 torr for 10 min. Transformation to FezO, proceeds at tempertures as low
as 402 °C. Besides that, it is found that a LEEDE| pattern of Fe;_,O is
formed on a (100) surface exposed to 55E~C torr s at room temperature and
subsequentially heated to 550 °C' [I17]. It is also found that this Fe;_,O
is stable at room temperature [I17]. Even much higher oxygen exposures,
in the range of 1E7% torr and at room temperature, followed by an UHV
anneal at 550 °C' results in the formation of a thin film of Fe;_,O [I1§].
Obviously, the literature is inconsistent about the formation condition but
consistent about the XPS spectra of the different oxides. Based on line

shapes, peak positions, and satellite structures of the different oxides, the in

Lhy = 1486.71 eV.
2Measured at p;, see Fig.
3Low-energy electron diffraction.
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Figure 5.1: APXPS spectra of the Fe 2p doublet under different conditions
in equilibrium with the gas phase or UHV: Fe: Metallic iron in UHV at

100 °C'. Feggr10.010: Wiistite in 2E78 mbar O, at 637 °C. FesO5: Hematite
in 2E-8 mbar Oy at 100 °C.
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situ/-equilibrium spectra in Fig. are consistently in agreement to those
reported literature [T10, 1111, [112) 113}, 114].
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Figure 5.2: APXPS spectra of the iron O 1s under different conditions in
equilibrium with the gas phase or UHV: Fe: Metallic iron in UHV at 100 °C.
Feggri0010: Wiistite in 2E78 mbar Oy at 637 °C. Fey0Os: Hematite in

2E78 mbar Oy at 100 °C.

Comparing the O 1s in Fig. [5.2] there is a clear chemical shift indicating the
different iron oxides. Unfortunately, only few information for the O 1s peak
position is available. Compared to the results in [113], the peak maximum
of the O 1s of Fe;_,O is at the same position (529.9 eV'). When compared
to the O 1s of FeyO3, 530.0 eV is reported in [I13|, whereas 530.5 eV is
observed here. The values in [113] indicate that there is almost no difference
to Fe;_,O. Indeed, a shift of 0.5 eV to higher binding energies might be

an effect of charge accumulation on the sample. However, the same effect
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5.2. Sample Preparation

should be obtained on the Fe 2p spectrum. This is not the case. The
values from [IT3] are ex situ data and might not be transferable on in situ/-

equilibrium conditions.

From the peak area of the Fe 2p and O 1s, the stoichiometry for the Fe;_,O
can be calculated to Fegg710.010. Literature values are in the range of 0.84

to 1.1 [I13, [I14).

5.2 Sample Preparation

A polycrystalline palladium membrane of 99.95 % purity was used as sub-
strate for the iron electrode. Both sides of the palladium membrane were
grinded and polished. The last polishing step was accomplished with a 1
micron diamond suspension, resulting to a membrane thickness of 0.08 mm.
Sample cleaning was performed going through ultrasonic baths in steps of

acetone absolute, detergent, and ultrapure water.

The iron electrode was prepared by physical vapor deposition on one side of
the palladium substrate. To ensure a good adhesion, the palladium mem-
brane was heated for 2 h at 600 °C' in HV to remove any surface contami-
nation, followed by iron deposition at 150 °C'. The iron layer thickness was
controlled with a quartz microbalancd’] A closed iron layer was obtained on
top of the palladium, confirmed by XPS see Fig.[5.3] According to the quartz

microbalance, the iron layer is 10 nm thick.

The EC (see chapter [3.3.2)) was assembled in a glove box with less than
70 ppm of Oy, and purged with wet Ny at near 100 % r.h.. The electrode
arrangement is identical as shown in Fig. [3.9) After sealing the EC, it was
ready to be transferred into the APXPS instrument. UHV conditions were

4Calibrated for iron.
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Chapter 5. The Hydrogen Electrode on Iron Oxides

maintained. In order to oxidize the iron layer, the sample was polarized
to 584 mV vs. SHE while treated with a mixture of O5/O3 in the ratio of
50 : 1 at 20 mbar. This treatment was repeated a second time but polarized
to 734 mV vs. SHE. As shown in Fig. 5.4] the oxidation process leads to
significant changes in the F'e 2p spectra, still showing the metallic component
and features from the Fe;_,O and Fe;O3 reference spectra that indicates the

presence of the a mixed oxide Fes0y4, but favorably turned towards Fe,Os.

—— Fe survey spectrum: 734 mV, UHV
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Figure 5.3: APXPS survey spectrum of a closed, 10 nm thick iron layer on
top of a palladium membrane. The dashed red lines indicate presumptive

palladium peak positions, if they were present.
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Figure 5.4: APXPS spectra of a 10 nm thick iron layer on top of a palla-
dium membrane while polarized to 734 mV vs. SHE: before (1), during (2)
(beginning), (3) after 6.8 h, and (4) UHV after the treatment with a mixture
of Oy/0O3 gas in the ratio of 50 : 1 at a total pressure of 20 mbar. The insert
shows spectrum (2) and (3). The intensity loss is due to electron scattering

on the gas molecules.
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Chapter 5. The Hydrogen Electrode on Iron Oxides

5.3 Work Function in UHV

After the second treatment in Oy/Os3, the sample was polarized subsequently
from 734 to —116 mV vs. SHE in UHV. For each potential step, the sample
was allowed to equilibrate for two days. In equilibrium, the iron 2p doublet,

Fermi edge, and the cut-off energy was measured with the APXPS.

In dependency of the applied potential, the work function shows three dif-
ferent regions, Fig. 5.5} the first region from ~ 0.8 to 0.4 V shows a linear
relation with a slope of 1.02 £ 0.0621 eV/V, followed by a second region
(transition), followed by a thrid region with a linear relation and a slope of
0.969 £ 0.06 eV/V. At 0 mV vs. SHE, a linear fit of the third region gives
a work function of 4.4 + 0.00473 eV on the intersection. Significant changes
in the Fe 2p doublet spectra are observed, Fig. [5.6] Here, a peak model
of only three independent components are used to approximate the complex
line shape of the measured Fe 2p doublet, including photoemission peaks,
satellites, and multiplet splitting [119]. In comparision to [120], 12 peaks are
required to fit the first spin orbital over the range from 705 to 715 eV. In
order to exclude arbitrariness by using 12 or at least 24 peaks over the full
range of the 2p orbital, a different and more significant peak model has to

be used.

In fact, the measured iron reference spectra entail the full set of informa-
tion, whose line shapes for Fe, Feg 9710010 and Fey,Os, shown in Fig. [5.1]
are used to fit the mixed iron oxide spectra. Fitting was performed with
CasaXPS [109], including the use of the U 2 Tougaard background [121] for
inelastic photoelectron scattering. The fitting comprises a linear combination
of the pure components. Each component represents a chemical state of Fe**.

Fe;05 is a stoichiometric phase with a chemical state of z = 3. Fegg740.010
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Figure 5.5: The work function measured by XPS as a function of the applied

potential. Subsequent polarization from high to low values.

is a non-stoichiometric phase, consisting of two chemical states z = 2 and
z = 3 in combination. Since the net charge must be zero in any combination,
the chemical states of Fee;_,O must be composed of Feit, + Felt. In order
to obtain a true quantification for the electrode composition, a correction
for mixed chemical states is performed, giving the result shown in Fig. 5.7
Comparing Fig. and [5.7 a plateau at &~ 0.25 V exists where a corre-
lation of work function and electrode composition is found. This behavior
even becomes more clear by comparing the FesO3/FeO ratio with the work

function, Fig. 5.8 Unambiguously a linear relationship is found.
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Figure 5.6: APXPS spectra of the Fe 2p doublet in UHV during polarization
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spectra shown in Fig. [5.I] The measured spectra are linear combinations of the reference spectra.

. Fitting is performed with the reference
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Figure 5.7: Quantification of the true electrode composition.
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Figure 5.8: Work function and the true electrode composition correlation.
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Chapter 6
Discussion

6.1 The Hydrogen Electrode on Palladium

The modern understanding of kinetics on the hydrogen electrode was shaped
by Tafel [122|, Erdey-Gruz [123|, Volmer [123], and Frumkin [124] [125].
Based on these pioneering works, the reaction mechanism of the hydrogen
electrode was found to proceed on two different pathways; denoted as the
Volmer-Tafel and the Volmer-Heyrowsky mechanism, where the overall re-

action 1is:
—_ + -
Hy, = 2Haq + 2e (6.1)

Because hydrogen gas and protons are in equilibrium, the hydrogen electrode
is also called the gas electrode. In cathodic direction of the Volmer-Tafel
mechanism, Eq. atomic hydrogen is formed on the electrode surface in
the Volmer step and further recombines to molecular hydrogen gas in the
Tafel step. Whereas the Volmer step is a pure electron transfer reaction, the
Tafel step is a chemical reaction [§].

H;; + e~ = H,q, Volmer step

(6.2)

H.;+ H,g = H,, Tafel step
For the majoritiy of electrodes a pure transfer reaction as the Volmer-Heyrowsky
mechanism is found to proceed on electrodes [8]. In cathodic direction, the
Volmer-Heyrowsky mechanism proceeds by Volmer step, followed by the Hey-

rowsky step where molecular hydrogen is formed from a proton and an ad-
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6.1. The Hydrogen Electrode on Palladium

sorbed hydrogen, Eq. [6.3]

H;; + e~ = H,q, Volmer step
(6.3)
H;; + Hyg + e = Hy, Heyrowsky step

The hydrogen electrode on palladium, shows significant hydrogen absorption.
Therefore, the electrode mechanism of the palladium hydrogen electrode in-

cludes an additional absorption step, Eq. [6.4] e.g. [126, §1].
H;; +e = H,y = Hy, absorption reaction (6.4)

In equilibrium, the Nernst equation can be applied. Hence, the electrode
potential of the palladium hydrogen electrode is given by Eq. [127, 81, [77],
depending logarithmically on the hydrogen activity of ad-/absorbed species.

As will be discussed, one key factor in establishing a hydrogen electrode
is the presence of an electrolyte layer. On the entry side (Pd exposed to
bulk electrolyte), the situation is well defined by the hydrogen activity in
the electrolyte and the PdHy phase. Nernstian behavior is found here, see
Appendix B|Fig.[B.1} On the exit side (Pd exposed to the XPS instrument),

the conditions were varied from UHV up to 0.25 mbar water vapor.

In the following, the hydrogen electrode on palladium is discussed in a first
scenario, where no electrolyte is present at the exit side and H, ;:1 is vanishing
(UHV), and in a second scenario, where H is formed on the exit side as a

result of water adsorption from the gas phase at 0.25 mbar water vapor.

6.1.1 Hydrogen Influence (No Water)
When the sputter-cleaned palladium surface (exit side) is exposed to UHV,

a work function increase on the exit side was measured when the hydrogen
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Chapter 6. Discussion

activity was raised, i.e. the applied potential was lowered on the entry side,
Fig. The same influence of hydrogen was found by classical UHV studies:
dosing Langmuirs of Hy onto palladium films/foils, the work function was
found to increase about 0.183 eV, resulting in work function of 5.18 eV [97].
Similar results were obtained by studies of palladium thin-films on glass
substrates, where an increase of ~ 0.22 V' was measured at an equilibrium
pressure of 0.016 mbar of Hy [128]. On single crystals a maximum work
function increase of 0.36 eV, 0.18 eV, and 0.23 eV was found on Pd(110),
Pd(111), and the stepped Pd(110/111) surface, respectively [101]. Typically,
the work function depends on the area specific surface dipole moment dg, the
vacuum permittivity €y, and the elementary charge e, where @ is the work
function of the clean surface and ®,4 the work function due to adsorption,

Eq. [6.6} e.g. [129, 130, 131].

d
Doy = Dy — —3 (6.6)
€0

For a specie adsorbing with a negative dipole moment, pointing from the
vacuum towards the surface, and hence enforcing the natural surface dipole
moment of a jellium surface, the work function is raised. A decrease in
work function is obtained for a positive dipole moment. Throughout the
literature, atomic hydrogen adsorption is accompanied with an increase of
work function [97, 10T}, 132} 133] 134] 135, 128]. A net electron transfer from
the palladium to the adsorbed hydrogen causes a negative surface dipole
moment [136, T01]. Hence, a work function increase. Depending on the
adsorption site and -height, the work function increase is strongly affected
when the hydrogen is located at atop/bridge positions, and almost unaffected
when located at hollow sites, at similar heights compared to the surrounding
palladium atoms [I35]. A complicating factor is that hydrogen can penetrate

the surface. Hypothetically, positively charged hydrogen species [128] located
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Figure 6.1: The hydrogen electrode on palladium.

in the subsurface [133, 137, 135] can also lead to a work function increase.

6.1.2 Hydrogen and Water Influence

In the situation where the sputter-cleaned palladium surface (exit side) is
exposed to water vapor of 0.25 mbar while the hydrogen activity is controlled
from the entry side, a complete different work function response is observed,
see Fig. [6.1] Starting at a high potential, i.e. low hydrogen activity, and
decreasing the potential results in a work function change: first, a decrease
with an approximate 1 : 1 response, second, the minimum work function at

~ 0.2 V, third, ending with a slight increase.

Water adsorption is the crucial step in the formation of the hydrogen elec-
trode. In classical electrochemistry, the electrode surface is burried under a

thick layer of electrolyte, not accessible to XPS analysis. At 0.25 mbar water
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vapor, the adsorbed water layer on the exit side corresponds to approximately
one monolayer [82]. In principle XPS shows monolayer sensitivity. On pal-
ladium the O 1s peak is at the same position as the Pd 3p;/», which makes
it difficult to reveal its presence. With the help of the incremental difference
spectra, Fig. the O 1s could be separated from the palladium back-
ground. The peak position of the clean Pd 3ps/, was measured as 532.2 eV,
see Appendix [A] Fig. [A.T| whereas the main peak in Fig. is located at
532.6 €V, indicating a chemical shift. In comparison to the measured water
gas phase, see Appendix [A] Fig. [A.2] peak p; is attributed gaseous water.
The exact position of p; depends on the sample work function [I3§]. Peak
po is attributed to adsorbed water species. A further distinction between
different water-related species, as well as structure analysis, is hardly possi-
ble. From the APXPS study in [139], the O 1s manifests a first broad peak
(~ 536 — 532 eV) of liquid water and a second broad peak (~ 538 — 535 eV/)

of gaseous water.

Other APXPS investigations were done on water adsorption on metals. De-
spite it is known that water in the range of millibars cannot be dosed without
carbon deposition, O 1s spectra are frequently interpreted without showing
any C' 1s spectrum. In this way a critical interpretation is excluded. For that
reason, these investigations are not considered here. The source for carbon
contamination (COy, CO, — CH,) can be residual impurities in the wa-
ter and carbon redeposition, originating from internal surfaces of the UHV

system.

Clearly the carbon affects the O 1s peak. For that reason, Fig. compares
the non-sputtered sample in UHV with the sputtered sample in 0.25 mbar

water vapor. In this way, the carbon related contribution to the O 1s is
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6.1. The Hydrogen Electrode on Palladium

minimized. Anyway, the observed work function response is totally different

and clearly attributed to water adsorption.

The process of water adsorption, structure studies of adsorbed water, and
possible water dissociation is complex, such that frequently simulations are
required. Some concepts are given in [33] to which the following refers. Ad-
sorbed water molecules form covalent bonds with the metal substrate. Wa-
ter molecules act as a Lewis base and provide the electron. The metal acts
as a Lewis acid and receives the electron. Since the bond energy of water
molecules with the meta]E] is close to the energy of the hydrogen bondﬂ hexag-
onal water structures are formed, e.g. on Pd(111) at 100 K [140]. In such
structures, water molecules remain intact, where the majority of molecules
is oriented parallel to the surface [140]. Conventionally, structure studies are
performed at extremely low temperatures and might not be suitable for the
present situation. In some cases, adsorbed water can partially dissociate,
i.e. form hydroxyl radicals and protons, or even completely dissociate into
oxygen radicals in addition. Including an interaction with the substrate, also
ad-/absorbed species can form, i.e. potentially being important for hydro-
gen uptake by palladium samples. In all cases, the surface dipole moment is

modified. Thus, affecting the work function.

When water adsorption is considered independently and dissociation prod-
ucts are excluded, simplistic electronegativity considerations suggest water
adsorption to occur in a way that the molecular dipole moment points to-
wards the vacuum. Indeed, such a behavior is not observed in general. With

the interfacial excess on palladiumﬁ] to A = 9.8E" m~2 [82], the work func-

10.4 — 0.7 eV [33].
20.2 — 0.4 eV |33).
3Corresponds to one monolayer.
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tion of palladium without adsorption to @5 = 5.0 eV, and the work function
of palladium with water adsorption to ®,; = 4.6 eV, see chapter [6.1.1] an
estimate for the water structure on palladium can be made using Eq. [6.7]

Doy = Dy — — (6.7)

As a reference, the dipole moment of gaseous water molecules is considered
to be d* ~ 6.18E73° C'm [33]. With this approach, the dipole moment of
one monolyer water on palladium is 0.06 d*. Thus, giving the indication for
adsorbed water to be aligned almost parallel to the palladium surface. As
a comparison, the dipole moment of adsorbed water on a Ag(100) surface is
estimated to 0.12 d*, and interpreted as water aligned almost in parallel to

the metal surface [33].

Including partial water dissociation (HoO = OH~ + H™), ad-/absorption,
and recombination processes, a neutral pH of adsorbed water is not a neces-
sary boundary condition rather than a neutral net charge of the (metal|water)
interface. Even a complete water dissociation (H,O = O*” + 2H™) should
not be excluded: Peak p, of the palladium Pd 3ds/, spectra in Fig. [4.10]
coincides with the expectable position of PdO,4 [89].

When the hydrogen activity is changed at the entry side, the electrode equi-
librium on the exit side has to adapt. Adaption processes, i.e. the Volmer-
Tafel- or Volmer-Heyrowsky mechanism but mainly H,, — Hy — HT 4 €7,
are initiated and lead to a new equilibrium accordingly to the Nernst equa-
tion, Eq. . It follows that an increase of H, &t; activity raises the electrode
potential, whereas an increase of H,q or Hg, activity loweres the electrode

potential. Depending on the excess of either of specie, the electrode potential

is dominated in either direction with respect to the applied potential.
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6.2. Catalytic Hydrogenation

In comparison to KP measurementsﬁ, Fig. , and XPS measurements on
non-sputtered samples, Fig. a 1 : 1 relation between the applied poten-
tial on the entry side and the work function on the exit side is expected.
From previous work [81], such a behavior is found for potentials between 0
and 400 mV vs. SHE. Referring to the sputtered sample in 0.25 mbar water
vapor, Fig.[6.1] the deviation of the expected 1 : 1 relation is proposed to be
explained with an increased H ;] activity. Thus, understood as an acidifica-
tion of the adsorbed water layer. Since the palladium electrode behaves as
a pH electrode with a slope of 59 mV/decade (e.g. Appendix [B]Fig. [B.1)),
an acidification by ApH = —5.25 can be calculated, see Fig. [6.1] A 1: 1

relation is expected only for a pH-stabilized surface.

6.2 Catalytic Hydrogenation

In order to obtain a stabilized surface pH, an auxiliary equilibrium reaction
is required. Species that may be part of such a reaction are CO; and CO.
As mentioned previously, any UHV system contains residual gases that can
provide these species. Based on [141] [142], the solvation of C'O,, deprotona-
tion, and protonation proceeds by the mechanism shown in Eq. - [6.8al,

where k; is the equilibrium constantﬂ

[HyCOs]

COQ + HQO — HZCO:),, kfl = W (68&)
e _ . _ [HT][HCO]
005 = H* + HOO; by = = s (6.8b)
HT[HCO3
COy+ H,O = H"+ HCO;3, ki = % (6.8¢)
+ 2—
HCQF:H++OXika=ELMZEJ (6.8d)

[HCO;]

41 atm of “dry” nitrogen with the r.h. < 0.1 % corresponds to < 0.23 mbar water vapor.
SFor simplicity rather concentrations than activities are assumed.
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Water at ambient condition, i.e. with a partial pressure of 1E~3 mbar CO,,
has a pH of 5.68 [I43]. Such a pH is important as a possible buffer point for

the hydrogen electrode carrying an external contamination.

14
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Figure 6.2: Acid base equilibrium of COy and H>O, calculated accord-
ingly to [144], for a temperature of 293 K, with ky = 4.17E~7 [145],
ks = 4.2E711 [146, [144]. The total carbon amount is [C] = [HyCOj3] +
[HCO3] + [CO57].

Besides the chemical acid-base buffer of carbonic acid, a different mecha-
nism involving the redox reaction of CO,/CO that accepts H' also leads
to a stabilized pH. Based on the thermodynamic data in [147], the stan-
dard potentials for C'Oy reduction can be estimated for the reactions given
in Eq. - [148], adapted here to acidic conditions. Some of the stan-
dard potentials are located in a reasonable range of the applied potentials.
Of course, this is true in the case where standard conditions apply to the

palladium hydrogen electrode. Whether C'O, reduction is feasible under the
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restrictions of the APXPS is addressed in chapter [7] For instance, Eq. [6.9a] -
are firstly interpreted to stabilize the surface pH and secondly to explain
the variations in the C' 1s spectra, Fig. - and [L.9) Interestingly, the
C' 1s spectra show significantly less variations when water vapor is added.
As it is seen from the Eq. - [6.91, water is a product of the reduction
process that shifts the equilibrium towards C'O,.

2005 + 12H" +12¢” = CyHy + 4H50, €¢g =0.08 V vs. SHE (6.9a)
COy+8H' +8¢~ = CHy +2H50, ¢ =0.17V vs. SHE (6.9b)
COy+2HT +2¢ = CO + Hy0, ¢g=—0.1V vs. SHE (6.9¢)
COy+ H" +2¢~ = HCOO™, ¢, =0.001 V vs. SHE (6.9d)
200, + 12H" +12¢~ = Cy,H5;0H + 3H50, ¢o = 0.09 V vs. SHE (6.9e)
2C0, + 18H " + 2¢~ = C3H;OH + 5H50, ¢ =0.1V vs. SHE 6.9f)

Palladium is known as a catalyst to dehydrate formic acid, methanol, and
acetic acid [149, [150, 151, 152, 153]. E.g., methanol decomposition is found
to proceed on Pd(111) in the steps of Eq. [6.10} giving various decomposition

intermediates [150].
CH30,5 — CH304q + Hog = CHOyq+ 2Hpqg — COuq +2H,q  (6.10)
Based on COs, the reverse reaction is given in Eq. [154].
COy+6H" + e = CH3;0H + Hy0, ¢ =0.02V vs. SHE (6.11)

Taking the peak positions and -shifts of the measured C' 1s spectra, a com-
parison with the NIST database [I55] leads to the assignments shown in
Tab. 6.1} Due to the high number of different carbon species, a precise peak
assignment cannot be done for the C' 1s spectra. Anyway, various hydro-

genation products in response to an applied potential can be found.
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Table 6.1: Possible C' 1s assignment according to NIST
database [155]. Abbreviations: Peak label (Lbl.), binding
energy (B.E.), identification (Id.), on a: UHV, sputtered,
internal carbon; b: UHV, non-sputtered external carbon;
c: water, non-sputtered external carbon; d: water, sput-

tered, internal carbon, Reference (Ref.). See C' 1s spectra

in Fig. [4.4- 1.9

Lbl. B.E. (V) Id. NIST Assignment [155] Ref.
D1 284.8 —284.6 a,b,d 284.7 eV CH30OH on Pd(111) 105 K [156]
a,b,d 284.6 eV CHsl on Pd(100) 200 K 157
P2 285.9 a 285.8 eV CH;OH on Pd(111) 110 K [I58]
286.0 eV CO5 Fe polycrystalline [159]
ps  284-2838 a b 283.9 ¢V CoH, on Pd(111) 99 — 350 K [160]
D4 286.8 a 286.8 eV CH30H Pd(100) 90 K [161]
286.4 ¢V CO5 Ni(110) 150 K [159]
Ds ~289 b, c 289 eV HCOOH MgO(100) 293 K [162]
290.1 eV CaCOs4 [163]
ps  ~ 288 b,c,d 287.9 eV CHsOH Pd(100) 90 K [161]
c,b,d 287.7eV HCHO [164]

D7 285.1 b, ¢, d various species C, C'H,
Ds 289.3 b 289.3 eV CH;COOH [164]
Py A~ 2857 b 285.8 eV CO on Pd(110) 150 K [165]

6.3 The Hydrogen Electrode on Iron Oxides

Stoichiometric magnetite (Fe3O,) exists in the inverse spinel structure [166]

with the chemical composition of Fe?t Fedt03~. It was found by Mésbauer
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spectroscopy that non-stoichiometric magnetite has an identical crystallo-
graphic structure than stoichiometric magnetite. The cation occupation of
interstitial sites within the oxygen unit cel[f] varying for non-stoichiometric
magnetite [I67]. While the Fe?t cations occupy octahedral (oct) sites only,
Fe*t cations also occupy tetrahedral (tet) sites. The general magnetite com-
position can be written as (Fe3")y(Feil, Feit, 00)0O], where o is a
vacancy and A the vacancy parameter ranging from 0 to 1/3 [I68]. For that
reason, magnetite can be represented by mixing Fe3t and Fe**, for instance
with hematite Fe;O3 and wiistite (Fe;—,O, x = 0) in its stoichiometric form
as (FeO),(Fey03); [167]. Apparantly, this was directly observed in Fig.
for the hydrogen electrode on iron oxides: Any magnetite spectrum is a lin-
ear combination of Fe, Feyg7+9.010 and Fey,Os, precisely reconstructing the
complex line shape over the full range of the Fe 2p doublet. Thus, the XPS
data provide accurate information about the chemical composition at differ-
ent potentials. A true quantification is obtained when the F'eg 9749010 phase
is corrected for its non-stoichiometric composition, see chapter[5l Concerning
the hydrogen electrode on iron oxides, magnetite represents a redox couple
of Fe*" /Fet to which a standard potential is assigned, e.g. [169, [170], de-

pending on phase and stoichiometry.

Considering the different magnetite equilibria, an upper and a lower limit-
ing case can be found with respect to the Pourbaixz diagram for solid sub-

stances [169]: The upper limit is given by Eq. [169].

3F€203 + 2H" + 2" = 2F€304 + HQO, € = 0.221 Vuvs. SHE (612)

6“The unit cell consists of a cage of 32 O*~ ions in a face centred cubic arrangement” [167].
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The lower limit is given in its anhydrous and hydroud|state by Eq. [169].

FesO4+2H" +2¢” = 3FeO + H,0, ¢y = —0.197 V vs. SHE ( )
6.13

hydrous, e =1.208 V vs. SHE

Under standard conditions the activities of all involved substances are equal
to unity. Here, the standard state of magnetite is taken as the stoichiometric
magnetite, involving an equal activity for both F'eO and Fe;O3. Replacing
Fe30, (from Eq. and by (FeO);(Fex03); yields in both cases
Eq. [6.14 The corresponding standard potential, for its anhydrous and hy-
drousff| state, can be found in [169).

Fey03 +2H' +2e~ = 2FeO + Hy0, ¢g = —0.057 V vs. SHE ( )
6.14

Fe(OH); + H" + e = Fe(OH)y + Hy0, ¢ =0.271 V vs. SHE
Eq.[6.14]is interpreted as the equilibrium between Fe;O3/FeO or Fe(OH)3/Fe(OH),
within the inverse spinel structure of magnetite. The associated standard
potential is obtained for stoichiometric composition while all other involved
substances are under standard conditions. However, the electrode poten-
tial of non-stoichiometric magnetite is a function of its current composition.
Therefore, the electrode potential (hydrous) is obtained by Eq. , where
the index s refers to stoichiometric magnetite composition. Regarding the
adsorption of water, it is assumed that the outer surface of the iron oxides

are hydrated. For that reason Eq. is considered for hydrous magnetite.

(6.15)

e =0.271 4+ 0.059 10g ([FQ(OH)?)/(FQ(OH);:,)S}HJF)

[Fe(OH)Q/Fe(OH)Q)S]HQO

On basis of the above treatment, Fig. [6.3] can be divided into three parts:

Part I is characterized by magnetite with an inverse spinel structure at high

"No equilibrium reaction is given in [169], see ibid.
8No equilibrium reaction is given in [169], see ibid.
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Figure 6.3: The work function (exit side) and its correlation to applied po-
tentials (entry side) and chemical electrode composition (exit side). Same

data as shown in Fig. [5.5
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fractions of Fe3T states. An increase of H activity (i.e. a lower potential
at the entry side) evokes a degradation of Fel} states and vacancies while
the Fe2l, states are raised. The ratio Fe3*/Fe?* is given by (2 +2))/(1 —
3A), therefore depending on A, i.e. vacancies. At stoichiometric magnetite
composition, the electrode potential of the iron electrode depends only on
the H*/H,O ratio, compare Eq. , that includes zero vacancies since
A = 0. In part II, a further formation of Fe?t states is obstructed since \
cannot attain negative values. For that reason, it is assumed here that the
iron electrode cannot follow the hydrogen electrode in the way that e~ and
HT, assisted by the hydrogen electrode (H = H™ + ™), are used to reduce
Fe3t states. For instance, it is not clear whether the formation of H7 is
hindered while the potential on the exit side is lowered. The plateau in part
II can be understood as a potential “increase”; realized either by an increase
of Ht activity, by a different standard potential (i.e. reaction), or even by
a decrease of H,O activity. In the situation where the H™ consumption is
hindered, H™ may be assumed to exist with an increased activity. On the
one hand the electrode potential of the hydrogen electrode is lowered, on the
other hand a new standard potential may be the result of crystallographic
reorganization. In this process, presumedly H plays a crucial role through
the incorporation of two H into tetraethal sites (four ligands). As the result,
tetraethal sites turn into octahetral sites (six ligands). However, part II is
interpreted as the decomposition of the inverse spinel structure and turning
into a structure that allows the formation of further Fe?* states. Such a
structure might be comparable with a defective wiistite rock salt structure,
which is characterized by different ratios of tetrahedral to octahedral sites,

see [I71]. At the transition from part II to -III, a new standard potential (i.e.

reaction) allows the iron electrode to follow the hydrogen electrode again. So

96



6.4. The Absolute Electrode Potential

far this is how the hydrogen electrode on iron oxides is interpreted here.

The observation of wide 1 : 1 relations, between the applied potential and
the measured work function, can be understood as a stabilized surface pH.
According to Eq. -[6.14] the iron oxide reduction is related to the con-
sumption of H* and the formation of H,O that might stabilize the surface
pH. Anyhow, the mechanism is likely to be more complicated, as it can be
seen e.g. on the linear correlation of work function and ratio FesO3/FeO,
Fig. 5.8 that is recently not understood. Based on the Nernst equation a

logarithmic relationship is expected instead.

6.4 The Absolute Electrode Potential

As it was elucidated in chapter [3.2.2] the photoelectric work function is
the absolute electrode potential referring to the position just outside the
sample. For that reason, the photoelectric work function is equivalent to
the absolute electrode potential €2,,/e. According to the current state of
literature, a direct measurement of the absolute electrode potential of the
SHE (eus(SHE)) is not reported. In order to identify eq,s(SHE) from the
measured €, and the applied potentials of the thin film electrode, three

sources of error need to be considered:
1. Equilibrium or dynamic steady state condition?
2. What is the surface pH?
3. What is the dipole contribution?

In equilibrium, both sides have the same hydrogen activity but not necessarily
the same surface pH. l.e. the potentials might be different. In steady state

conditions with significant less hydrogen activity at the exit side, a linear
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gradient in electrochemical potential across the entry and exit side causes
an offset between the hydrogen activity at the entry- and exit side. Fast
diffusion and thin membranes reduce the diffusion gradient. Thus, limit the
size of the error. Hydrogen diffusion in palladium is fast: In the a-phase the
diffusion coefficient at room temperature is 1.3E~" cm?/s [172] that gives a
time lag’| of only ~ 80 s for a 80 ym thick membrane. The main obstruction
to establish equilibrium is hydrogen recombination and desorption into the
UHV. According to the Polanyi- Wigner equation [I73|, the desorption rate
increases exponentially with the hydrogen coverage. If the equilibrium is
affected by desorption, the work function trend is expected to converge at
some point. Le. it should bend downward on elevated hydrogen activities
when compared to lower activities. Obviously, this is not observed under
the most severe condition: for sputtered samples in UHV, Fig. 4.1 Here,
hydrogen recombination is most likely to occur due to the high number of
available sites for hydrogen ad-/desorption. The situation is different when
the surface condition is changed. E.g. by an adsorbed layer that decrease
the hydrogen permeation rate [I74], also known as palladium poisoning and
deactivation occuring by carbon monoxide [175], [I76] or hydrocarbons [174].
Considering the case of a sputtered sample with an adsorbed water layer,
Fig. 4.1} the work function deviation from the expected behavior can be
interpreted as hydrogen desorption. However, as it was discussed earlier, the

deviation can also be associated with a pH change.

Assuming equilibrium with an identical surface pH on both sides of the
membrane, €,:(SHFE) is obtained from the intersection. Under the same
conditions but with a difference in the surface pH, the knowledge about the

surface pH on the exit side is required with regard to the €,,s(SHE).

9109 = Ar? /6D, where Ar is the membrane thickness and D the diffusion coefficient [172].
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The electrical double layer and the solution surface determine the absolute
electrode potential [43]. For that reason, the condition for the immersed-
(e.g. SHE), emersed electrode [35, 142, 37, 43|, and the thin film electrode are
different. It is also clear that different emersion techniques, such as emer-
sion into UHV with virtually no water and emersion into a water-saturated
atmosphere, influence the double layer structure [43]. The electrode poten-
tial for emersed electrodes into a water-saturated atmosphere was found to
be below the value of immersed electrodes, which is understood as the top
water layer largely orientated with its dipole moment pointing towards the
vacuum[["] [43}, [I77]. Such a behavior is not found for all metals. As it was re-
ported in [33], [140], the dipole moment of adsorbed water molecules is aligned
almost parallel to the metal surface. The same tendency was found in this
work for water adsorption on palladium, see chapter [6.1.2] However, when
specific ions are present, a tendency for weakly adsorbed ions is observed,
irrespective of its anion or cation nature. A large influence was found in the
sequence of SO7~ > Cl~ > I~ and Cs* > KT > Na* > Li* > H* that has
the effect in decreasing the electrode potential upon emersion [43]. Quanti-
tatively, the strongest effect is found by emersion from electrolyte solutions
of H,SO, with a potential change of —0.32 V| and the smallest influence is
observed for electrolyte solutions of Nal with —0.07 V' [43].

The thin film electrode is not an emersed electrode. The double layer which
is formed in situ/operando is void of dissolved ions other than H*. For this
reason, only a minor influence can be expected according to [43]. When water
is bonded chemically, e.g. the hydrogen electrode of hydrous iron oxides, the
dipole influence is expected to have an even lower influence. Anyhow, a direct

comparison to an immersed electrode (SHE) can include some uncertainty.

0With the (negative) oxygen towards the metal [43} [177].
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The surface pH of the hydrogen electrode on palladium is unknown. Based
on the double layer capacitance, the following estimation can be made: At
pH = 0, one monolayer of water can be assumed to have 1/55 of 9.8E!8
H"-molecules per m?, compare [82]. The standard potential of palladium is
915 mV [178]. Palladium can be considered as hydrogen-free at a potential of
550 mV vs. SHE or higher. At 0 mV vs. SHE, the double layer capacity Cy
in the order of 20 to 50 pF/cm?, and the elementary charge e to 1.6E72 C,

the surface pH is calculated to exist in the range from —0.6 to —1.0, see

Eq. [6.16]

H — —log ( 0.550 - Cy

1.6E-19.1/55 - 9.8E®

> ~ —0.6 to — 1.0 (6.16)

The work function of the hydrogen electrode on palladium is 4.39 eV when
polarized to 0 mV vs. SHE, Fig. [6.1] With the estimate in Eq. the pH-
corrected value is: €4s(SHE) = 4.343 eV. Note that the dipole contribution

is not considered.

Concerning the hydrogen electrode on iron oxides at stoichiometric magnetite
composition, a reference point is suggested to be found that correlates chem-
ical states, work function, and applied potentials with the standard electrode
potential of the Fe(OH);3/Fe(OH), equilibrium, Eq.[6.14 The standard po-
tential deviates only about ~ 10 mV from the applied potential (entry side).
Assuming that the applied potential is identical to the potential on the exit
side, the absolute electrode potential of the SHE is obtained by subtracting
the standard potential (0.271 V' vs. SHE) from the work function (4.554 V),
Fig. 6.3 giving: eus(SHE) = 4.283 eV. Also here, the dipole contribution

is not considered.

The IUPAC recommended value for the absolute electrode potential of the
SHE, emerged from Transatti’s work, is 4.44 4+ 0.025 eV'. When compared
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6.4. The Absolute Electrode Potential

to other works, reported values show a span of 0.42 eV, see Tab. Under
certain assumptions, the values obtained in this work are lower than usually
reported. Nevertheless, they represent a direct determination of the absolute

electrode potential under in situ/operando conditions.
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Chapter 7

Summary and Outlook

This work comprises the development and introduction of a completely new
transferable electrochemical set-up, denoted as the thin film electrode. For
the first time the opportunity is given to investigate the (electrode|liquid|gas)
interface with monolayer-sensitivity by analytical methods which convention-

ally operate under UHV conditions only.

In a first step, a miniaturized reference electrode was developed, with so far
unprecedented long-time stability and precision, that enables a reliable and
secure use together with the thin film electrode, even under UHV conditions.
In a second step, the thin film electrode was developed. In a third step, the
thin film electrode was used in an APXPS instrument that gave the oppor-
tunity to perform photoemission spectroscopy at ambient pressure. Novel
experimental results were obtained from hydrogen electrodes. It was shown
that chemical analysis and absolute electrode potentials in dependency of
applied electrochemical potentials are correlated. In particular, the concept
of the absolute electrode potential was elucidated and directly applied via
photoelectric work function measurements. The ITUPAC recommended value
for the absolute electrode potential of the SHE is 4.4440.025 eV'. The values
reported in literature show a span of 0.42 eV'. So far, no direct determination
was possible and the overall error is influenced by error propagation due to
the indirect determination steps. In this work, absolute electrode potentials
are directly measured and similar values (4.39 and 4.42 £ 0.005 eV') are ob-
tained for applied entry potentials at 0 V' vs. SHE. It is thought that these
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values are compromised by surface acidification. Thus, require a pH correc-
tion for standard conditions. For the hydrogen electrode on iron oxides, a
reference point was found by means of photoemission spectroscopy, which
allowed to correlate chemical states, work function, and applied potentials
with a reported standard electrode potential. Under certain assumptions,

the absolute electrode potential of the SHE is obtained to 4.283 eV,

0.30
a(H*)=1, p(products)=1E® mbar

wwwa CH, wew CHOH o0 C;H,OH
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Figure 7.1: Equilibrium potentials for COy reduction in APXPS (HCOO~
is above the C'Hy potential).

The concept of the thin film electrode can be extended to other materials,
reactions, and analysis methods. It was found that alterations in the C 1s
spectra in response to applied potentials are unambiguously the effect of
electrochemical- /catalytic hydrogenation. This observation can be related to
CO5/CO reduction. Based on the standard potentials for C'Oy reduction,
Fig. shows the feasibility for C'O; reduction in future APXPS studies.
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Chapter 7. Summary and Outlook

Besides the concept of the thin film electrode, a completely different electro-
chemical set-up can be realized when a window sample is used. In future,
such a set-up can be used to investigate the (electrode|double layer|bulk elec-

trolyte) interface. Thus, tackling the transition from a thin film towards a

bulk electrolyte.
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Figure A.1: XPS spectra of clean palladium at room temperature in UHV
(4E7' mbar). Monochromated Al K« source. Binding energy referenced
on the Fermi edge of Ag. Nominal palladium purity is 99.95 %. Iterative
preparation: Annealing at 973 K for 10 min, followed by Ar-sputtering at
room temperature (last step annealing). Spectra are measured in the order

of Pd 3d, Pd 3p, C 1s.
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Figure A.2: XPS spectra of water vapor at room temperature. Monochro-
mated Al K« source. Preparation: Ultrapure water, degassed with the

freeze-pump-thaw technique.
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Figure B.1: pH response of the PdHx electrode at X = a + 3, the onset of
the a 4+ (-phase. The potential width of the a + S-phase is ~ 10 mV.
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