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Chapter 1.

Introduction

Sustainable energy is a cornerstone of tackling the growing energy demand, the
depletion of fossil fuel reserves and the increasing e�ects of global warming. How-
ever, renewable energy sources like wind and solar power have the tendency not to
be available all of the time. As a result, most systems with a high share of renewable
energy generation will undergo signi�cant �uctuations. Presently these �uctuations
are compensated by shutting down the renewable power plants in times of overpro-
duction and turning on fossil fuel power stations, mostly natural gas power plants,
in times of undersupply. Both cases are not e�cient from a commercial as well as
an ecological point of view. Instead, it is desirable to �nd a convenient way to store
the renewable surplus energy.
There are solutions like batteries, pumped hydroelectric or compressed air energy
storage on hand, but they are primarily usable for short term load leveling and peak
shaving and lack the ability to ensure the base load. Fuel cells are an electrochemi-
cal system that transfers the chemical energy of a fuel, often hydrogen, to electrical
energy, providing longer periods of back-up power. [1,2] Hydrogen can be produced
with renewable electrical energy by splitting water into hydrogen and oxygen [3], and
can be integrated into the consumption cycle as schematically illustrated in Figure
1.1.
Electrical energy is generated from renewable sources with, e.g., solar panels or

wind turbines saturating the existing energy demand. Overproduced power is used
by electrolyzers to split water into hydrogen and oxygen. The gases are stored and
can be transformed back into power via fuel cells in times of undersupply. However,
the e�ciency of a full electricity-to-fuel and fuel-to-electricity cycle is not much
above 30% [5] and needs to be further improved.
Aside the utilization of hydrogen as energy storage it also has many other uses.

In the iron and steel industry, which is the biggest CO2 emitter within the industry
sector [6], H2 can be used as a reduction agent in a furnace instead of coke, reducing
the CO2 emission signi�cantly [7,8]. The chemical industry needs hydrogen to make
ammonia for agricultural fertilizers (the Haber-Bosch process) [9], and hydrogen is
also involved in the production of plastics and pharmaceuticals [10,11]. Although
the paradigm change in the German transportation sector relies heavily on electric
mobility, hydrogen based drives are still considered, especially for the heavy goods,
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Figure 1.1.: Schematic illustration of a solar hydrogen cycle. Inspired by Ham-
bourger et al. [4].

water and air transport [12]. The conversion of H2 and an external source of CO or
CO2 to CH4 via methanation is another useful application of hydrogen. Methane,
which is a substitute for natural gas, can be directly injected into the gas grid and
storage, be used in compressed natural gas vehicles or utilized as a raw material
in the organic chemistry industry. In addition, also the molecular hydrogen can be
added in controlled doses to the gas grid [13].

Figure 1.2.: Schematic illustration of an integrated device where a catalyst for the
hydrogen evolution is deposited directly onto a solar cell. The anode
with catalyst for the oxygen evolution is electrically connected via a
cable and is separated with a proton-exchange membrane.

The great range of applications for hydrogen illustrate that the switch to renewable
H2 would reduce the CO2 emission and enable a reliable sustainable energy supply.
However, only about 4 % of the hydrogen was produced by electrolysis in the past
while the other 96 % used fossil fuels as a source [14]. To meet the demand for
renewable hydrogen of the industry and transportation section, a more direct route
than illustrated in Figure 1.1 would be desirable. An integrated device, where a
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photoabsorber and water splitting catalysts are combined in one device, should be
more e�cient, due to the reduction of electrical resistance [15]. The catalyst is directly
deposited onto a solar cell reducing the transport distance and number of interfaces
signi�cantly. A schematic illustration of such an integrated device is given in Figure
1.2.
Such an integrated device consists essentially of three main components, which

are also the focal points of this thesis:

A A solar cell with protection layer

B The catalyst for the Hydrogen Evolution Reaction (HER)

C The catalyst for the Oxygen Evolution Reaction (OER)

For an e�ective device, the solar cell has to be stable in the electrolyte or be
protected with an additional layer. When selecting the materials, costs and envi-
ronmental concerns, like toxicity and abundance, have also to be taken into consid-
eration.
In the last years a large variety of catalysts have been studied, revealing the

high activity of partially disordered chalcogenides for HER and transistion metal
oxides for OER [16�23]. Especially for catalysts with a de�nite active site, e.g. MoS2,
a structural design leading to a higher density of active site is bene�cial. The
electronic structure can be modulate by defect engineering like amorphization or
doping, and nanoscaling can increase the number of active facets [24,25]. Among the
manganese oxides, the partially disordered and often layered oxides are suggested
to be particularly well suited for electrochemical water oxidation, where the �exible
oxidation states with MnIII/IV play an important role. In addition, bene�cial
material properties, like high surface areas, which is further enhanced by a porous
structure, can often be found together with partially disordered MnOx

[26].

Therefore, partially disordered materials for the three subsections of the inte-
grated device are utilized in this work. The structural analysis of these materials
is challenging due to the local variations and di�raction methods for statistical in-
formation about the lattice parameter and orientation of the nanocrystals as well
as real space methods to analyze the local variations of the lattice in the nanocrys-
tals are needed. Therefore, the structure is analyzed down to the atomic level by
means of electron microscopy. In addition, a new adequate evaluation method for
the analysis of dynamics in the TEM in-situ experiments is developed.
The stability of a TiO2 protection layer on a silicon multi-junction (A) is ana-

lyzed and a degradation mechanism is suggested, which is published in Zeitschrift
für Physikalische Chemie (234(6), 1171-1184, 2020) [27]. To replace the expensive
and not-abundant platinum as a HER catalyst (B), MoS2+δ electrodes are studied
and a structure model is suggested to advance the understanding of possible active
sites in this partially disordered system, and to further improve the catalytic activity
(Catalysts, 10(8):856, 2020) [28]. And last, for the OER catalyst (C), the changes and
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dynamics under reactive conditions of the layered calcium manganese oxide Birnes-
site are analyzed by post-operando (Preprint on ChemRxiv, Chemrxiv.13153976.V1,
2020) [29] and in-situ TEM studies to obtain a better understanding of the stability
and the active state of the catalyst (The Journal of Physical Chemistry C, 2021
accepted) [30].



Chapter 2.

Scienti�c Background

The water splitting reaction at the solid-liquid-gas interface of a solar hydrogen
device is given by

H2O(l) → H2(g) + 1/2 O2(g). (2.1)

The overall reaction can be divided into two half-cell redox reactions. The hydro-
gen evolution reaction (HER) takes place at the cathode, while the oxygen evolution
reaction (OER) occurs at the anode. [31] This chapter is composed of several parts,
following the structure of an integrated water splitting device. In section 2.1 the
HER catalyst MoSx is discussed while in section 2.2 the OER catalyst Birnessite
is introduced. Section 2.3 focuses on the integrated solar hydrogen device design,
and in section 2.4 the potential of environmental transmission electron microscopy
(ETEM) for studying dynamics of a catalyst under reactive conditions is explored.

2.1. Hydrogen Evolution by MoSx

Among the water splitting reactions, the HER is relatively simple due to the in-
volvement of only a two-electron transfer compared to the four electrons in the
OER:

2 H2O + 2 e− → H2 + 2 OH− (alkaline) (2.2)

2 H+ + 2 e− → H2 (acidic) (2.3)

Generally, the HER in an acidic medium can be described by the following steps.
First, an adsorption of the hydrogen intermediate (H∗) in the Volmer step, which is
followed by a reductive desorption in the Heyrovsky reaction or a H* recombination
in the Tafel reaction. [32]
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Volmer reaction: H3O+ + e− → H∗ + H2O (2.4)

Heyrovsky reaction: H∗ + H3O+ + e− → H2 + H2O (2.5)

Tafel reaction: H∗ + H∗ → H2 (2.6)

In alkaline electrolyte, the additional water dissociation to provide protons for
the reaction leads to a decrease of the reaction rate compared to acidic solutions. [32]

Platinum is already known to be a highly active catalyst, which is currently one
of, or even, the best catalyst for the hydrogen evolution. In both acid and alkaline
conditions, Platinum electrodes show very low overpotentials with high current den-
sities compared to other catalysts (see Table 2.1). [33] Note that the current densities
are normalized to geometric area of the electrode. Thus, the low overpotentials of
Molybdenum based catalysts like Ni-Mo are the result of the high electrochemical
surface area (ECSA) and not of the higher activity compared to Platinum.

η at 10 mAcm−2 [mV] RF Electrolyte
Acid Base

Pt (platinized) [33] -60 ± 10 -60 ± 20 110 1 M H2SO4 / 1 M NaOH
Co-Mo [33] -100 ± 10 -100 ± 20 900 1 M H2SO4 / 1 M NaOH
Ni-Mo [33] -39 ± 3 -30 ± 10 1000 1 M H2SO4 / 1 M NaOH
Ni-Mo-Co [33] -50 ± 10 -90 ± 40 1050 1 M H2SO4 / 1 M NaOH
MoS2

(step-edged stacks) [34] -104 n/a 2833 0.5 M H2SO4

[Mo3S13]2− [35] -178 n/a n/a 0.5 M H2SO4

[Mo2S12]2− [35] -161 n/a n/a 0.5 M H2SO4

MoSx [33] -250 ± 30 -480 ± 10 18 1 M H2SO4/ 1 M NaOH
MoSx [23] -160 n/a n/a 1 M H2SO4

Table 2.1.: Benchmarking for selected HER catalysts with the overpotential η at
current density of 10 mAcm−2. The roughness factor (RF) is the ratio
of electrochemical surface area (ECSA) determined by the double layer
capacitance and the geometric electrode area. Adapted from Mccrory
et al. [33], Hu et al. [34], Huang et al. [35] and Morales et al. [23]. The current
densities are normalized to geometric area.

However, the high cost for Platinum of about 25AC/g and also the low abundance
of about 0.6 ppb militate against a large scale application [36]. Thus, other cheaper
and more abundant materials are needed. Table 2.2 gives an overview over cost and
abundance of the elements for alternative catalysts, which are presented in Table
2.1.
The combination of low cost, high abundance and good catalytic performance

makes the Mo based catalysts and especially the Ni-Mo(-Co) catalysts a good al-



2.1. Hydrogen Evolution by MoSx 7

ternative to platinum. However, the signi�cant lower cost of Sulfur also promotes
the Molybdenum sul�des and several MoSx catalysts have been studied [37�40]. Espe-
cially the partially disordered MoSx yield good stability and a low overpotential of
−160 mV at 10 mAcm−2 [23]. The partially disordered MoSx typically have an S:Mo
ratio larger than 2. Several Molybdenum sul�des structures relevant for the HER
are discussed in the literature and will be presented in the next section. Knowing
the atomic structure of MoSx is important for a determination of the active sites
and further improvement of the catalytic activity.

Pt Co Ni Mo S
Cost1 AC/g 25.08 0.028 0.013 0.014 4.3·10−5

Abundance [36,41] ppm 6·10−4 25 75 1.5 260

Table 2.2.: Abundance in the earth crust and cost of elements for active HER
catalysts.

2.1.1. HER-Relevant Crystal Structures of MoSx

Three common polytypes of crystalline Molybdenum disul�de MoS2 exist, which are
shown in Figure 2.1. All of them consist of layered hexagonally packed Molybdenum
(Mo4+) sheets, which are sandwiched between two layers of Sulfur (S2−). The van der
Waals bound between the layers of MoS2 leads to a relative large interlayer distance
of about 3.49Å. The 2H and 3R polytypes only di�er in the stacking order, while
the 1T type consists of Molybdenum Sulfur octahedrons. Neither the 1T nor 3R are
thermodynamically stable and convert into the 2H type at about 100 °C. [22] If not
stated di�erently, MoS2 will be used for the 2H polytype from here on.
The structure model from Dickinson et al. [44] and crystal parameters from Wilde-

vanck et al. [47] for MoS2 2H which are used throughout this work are given in Table
2.3.

space group a=b [47] c [47] atom position [44,48]

Å Å Mo S
MoS2 2H P63/mmc 3.1602 12.294 1/3 2/3 1/4 1/3 2/3 0.629 2/3 1/3 0.129

(hexagonal) 2/3 1/3 3/4 2/3 1/3 0.371 1/3 2/3 0.871

Table 2.3.: Crystal structure parameters for MoS2 2H. The lattice parameter from
Wildevanck et al. [47] and the structure model from Dickinson et al. [44]

is used.2

Next to crystalline MoS2 there are also molecular Molybdenum sul�des structures
which are interesting for HER. Two typical cluster structures [MoV2 S12]2−(= {Mo2})
1http://www.lme.com [2020-08-28], https://www.statista.com/ [2020-09-24]
2Note that Dickinson et al. [44] give erroneously a wrong value for the z coordinate as stated by
Bronsema et al. [48]. Here, the correct value from Bronsema et al. [48] is used.
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Figure 2.1.: Crystal structure of the common MoS2 polytypes 2H, 3R, 1T and
molecular structures of [Mo2S12]2− and [Mo3S13]2−. Crystal structures
adapted from Grutza et al. [22], Takeuchi et al. [42], Dungey et al. [43],
Dickinson et al. [44] and Müller et al. [45,46].

and [MoIV3 S13]2−(= {Mo3}) are shown in Figure 2.1. {Mo2} consists of two MoV

ions which are connected via two bridging disul�de ligands. Two terminal disul�des
are additionally bonded to each Mo center. The Mo-Mo distance is 2.8Å. [22,46]

For the {Mo3}, three MoIV are linked with one bridging disul�de. In the center
an apical bridging sul�do ligand (η3 − S2−) is situated. One terminal disul�de is
attached to each Mo ion. The Mo-Mo distance here is about 2.722Å. [45]

The determination of a structure model for MoSx is challenging due to a large
degree of disorder and diverging preparation methods and Mo:S ratios. In some
cases a crystallization of amorphous MoSx to MoS2 nanoparticles during HER is
reported [49,50], indicating a structural a�nity to MoS2. Also nanocrystalline MoS2

is used for HER [34,51]. However, for MoSx with x > 2 two di�erent structure models
have been suggested. The two model suggestions are based on the molecular clusters
and are depicted in Figure 2.2.
In Figure 2.2 A the cluster based model suggests a network of {Mo3}. The

clusters are connected via Mo-S-Mo bonds and the whole structure can be described
byMoIV (S2−)(S2−

2 ). This material has an S:Mo ratio of about 3.1 to 3.2. Extrusion
experiments of amorphous MoS3+δ indicate that only about 35% of the material
exists as {Mo3}. [22,52] Consequently, in this material also other Mo-S building blocks,
which are not included in this model, play an important role. Above 310 °C a
decomposition into MoS2 via reductive elimination of S2− and terminal S2−

2 takes
place. [52]

The other cluster based model suggests a polymer like structure as illustrated in
Figure 2.2 B . The chains consist of distorted [Mo2S9] units. Some covalent Mo-Mo
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Figure 2.2.: Suggested cluster based structure models for MoSx. A : based on
[MoIV3 S13]2− adapted from Weber et al. [52] and Tran et al. [53]. B :
based on [MoV2 S12]2− adapted from Hunt et al. [54] and Grutza et al. [22].

bonds in the chains with a distance of about 2.7Å exist, but about every second
Molybdenum atom is not covalently bonded and has a Mo-Mo distance of 3.1Å. In
addition, some disul�des are also present. [22,54] Another polymer model is supported
by STEM analysis of Tran et al. [53] and consists of [Mo3S13]2− building blocks linked
by disul�de bonds, similar to the model depicted in Figure 2.2 A .

2.1.2. Electrochemical Performance of MoSx

It is well established that the catalytic activity of crystalline MoS2 2H is limited
to about 5 mAcm−2 at an overpotential of about −500 mV. [49] The reason for that
is the nature of the active sites which are located at edges of the two-dimensional
MoS2 planes [55�57]. For the 1T polymorph, also the basal surface might be active
leading to a higher HER activity [57,58]. However, as mentioned before, this system
is not stable and thus not suited as a catalyst.
Due to the speci�c active site of MoS2, the current densities heavily depend

on the morphology of the electrode. As reported by Hu et al. [34], nanocrystalline
step-edged stacks of MoS2 can actually reach a current density of 10 mAcm−2 at an
overpotential of −104 mV.

As mentioned before, the structure models for MoSx are often based on molecular
clusters [22]. The [Mo3S13]2− cluster exhibits good catalytic HER performance [35,59]

with a current density of 10 mAcm−2 at an overpotential of about−178 mV [35]. How-
ever, the {Mo3} cluster is even outperformed by [MoV2 S12]2− with an overpotential
of −161 mV for the same current density [35].
X-ray photoemission spectroscopy (XPS) studies indicate the presence of unsatu-

rated, terminal, bridging and maybe even apical sul�des and disul�des in partially
disordered MoSx. [23,39,40,60,61] Together with XPS results, the high activity of the clus-
ter suggests an involvement of units like {Mo2} or {Mo3} in the structure of MoSx.
However, precise high-resolution real space structural information is of signi�cant
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importance for the identi�cation of the active site(s) and a better understanding of
the high HER activity of partially disordered MoSx.
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2.2. Oxygen Evolution by Birnessite

The oxygen evolution reaction is the bottleneck for water splitting due to the high
energy barriers for the mechanistically complicated four-electron process [62]. At least
a potential of 1.23 V vs RHE is thermodynamically needed to drive the reaction.

2 OH− → 1/2 O2 + H2O + 2 e− (alkaline) (2.7)

H2O→ 1/2 O2 + 2 H+ + 2 e− (acidic) (2.8)

In Table 2.4 an overview on the top performing OER catalysts in alkaline con-
ditions is given. None of the presented non-noble metal catalysts are stable in 1 M
H2SO4

[33]. This is in accordance with the general thermodynamic instability of many
transition metal oxides under strong acid OER conditions as indicated by Pourbaix
diagrams [63,64].
However, in alkaline conditions the presented catalysts in Table 2.4 achieving cur-

rent densities of 10 mAcm−2 at roughly the same overpotentials of η= 252�380 mV.

η at 10 mAcm−2 RF Electrolyte
mV

Ru [33] 320 ± 20 70 1 M NaOH
Ni-Co [33] 350 ± 10 9 1 M NaOH
Co/P [33] 380 ± 20 17 1 M NaOH
NiMoFe [33] 330 ± 20 9 1 M NaOH
NiOOH-decorated
α-FeOOH nanosheet [65] 256 56∗ 1 M KOH
Fe-Co-P [66] 252 208∗∗ 1 M KOH
δ-MnO2/K0.1MnOx (Birnessite) [67] 330 n/a 1 M KPi-bu�er
∗For the calculation of RF a speci�c capacitance of 0.04 mF/cm2 is used. [68]
∗∗RF is calculated from the speci�c surface area 104.1 m2/g determined by BET.

Table 2.4.: Benchmarking for selected OER catalysts with the overpotential η at
current density of 10 mAcm−2 in alkaline conditions. The roughness
factor (RF) is the ratio of the electrochemical surface area (ECSA)
determined by the double layer capacitance and the geometric electrode
area. Adapted from Mccrory et al. [33], Zhang et al. [65], Liu et al. [66] and
Melder et al. [67]. The current densities are normalized to geometric
area.

The reported capability of some of the Mn, Co and Ni based catalysts for self-
healing in a phosphate or borate bu�er is noteworthy [21,69,70]. This was �rst observed
for the CoPi catalyst [21,71,72]. The corrosion of these catalysts due to leaching of
metal ions and dissolution of the oxide is overcome to a large degree by constantly
self-assembling a new catalyst layer on the electrode at applied potentials less than
needed for OER. [72]
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Concerning the abundance and cost, which are presented in Table 2.5, the man-
ganese based catalysts stand out, which makes MnOx a promising OER catalyst
candidate for large scale applications.

Ir Ru Co Ni Mn
Cost3 AC/g 49.3 8.25 0.028 0.013 1.3·10−6

Abundance [36,41] ppm 2.2·10−5 3.00·10−5 25 75 950

Table 2.5.: Abundance in the earth crust and cost of elements for active OER
catalysts from Table 2.4.

Inspired by the CaMn4O5 cluster in the oxygen-evolving complex in the photo-
system II and the high abundance of manganese, a research focus was placed on the
manganese oxides (MnOx). [73�79] A large number of MnOx structures with varying
composition and ordering are known. A selected overview of common manganese
oxides is given in Figure 2.3.

Figure 2.3.: Structures of di�erent manganese oxides. A : Bixbyite; B :
spinel-type Hausmannite (Mn3O4); C : Marokite (CaMn2O4); D

: Manganosite (MnO). Tunneled structures: E : Pyrolusite, (MnO2);
F : Ramsdellite; G : Hollandite-group; H : Todorokite. Layered
structure: I : Birnessite. Structures adapted from Frey et al. [80],
Lopano et al. [81] and Smyth & Bish [82].

All structures are based on [MnO6] octahedral blocks and can be categorized into
three di�erent groups [80]:

Group 1 A crystalline 3D network of Mn2+/3+/4+ and O2− ions. Figure 2.3
A -D : e.g. Bixbyite, Hausmannite, Marokite and Manganosite.

3pmm.umicore.com [2020-09-02], lme.com [2020-08-28] and price.metal.com [2020-09-02]
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Group 2 Tunnels formed by [MnO6] octahedrons. Depending on the tunnel
size, ions and/or waters of crystallization are incorporated within
the tunnels. The typical Mn oxidation state is between 3+ and
4+. Figure 2.3 E -H : e.g. Pyrolusite, Ramsdellite, Hollandite,
Cryptomelane and Todorokite.

Group 3 Layered oxides with interlayer distances of 7�10Å and a typical
manganese valence of +3.5 to +4. Similar to the second group,
waters of crystallization and cations are intercalated in between
the layers. Figure 2.3 I : e.g. Birnessite and Vernadite.

Especially for the layered MnOx (Birnessite), good stability (>24 h [67]) and OER
rates have been found [17,80,83�85]. The di�erent catalytic behavior of the groups
suggests an in�uence of the crystal structure and �ve structural related factors have
been proposed to improve the catalytic activity [80]:

1) A �exible structure to allow substrate binding and valence changes

2) A high surface area for good accessibility of the catalytic centers

3) An average Mn valance greater than +3.5 to drive OER

4) The presence of secondary cations to assist oxidation by activation of H2O

5) A good conductivity to support the four electron process

These points are not in a speci�c order and some may a�ect each other. But they
demonstrate the importance of the structural analysis to understand the catalytic
activity of the MnOx catalyst. For the following research Birnessite was selected
due to its high activity and stability among the MnOx family.

2.2.1. Crystal Structure of Birnessite

Birnessite, also known as δ-MnO2, consists of layered MnO6 octahedrons with an
interlayer distance of about 7Å. Cations and waters of crystallization are interca-
lated in between these layers. Above 500◦C the crystal water is completely removed
from the oxide structure and between 800◦C and 1000◦C Birnessite decomposes
into a mixture of Marokite (CaMn2O4) and Hausmannite (Mn3O4). [17] A schematic
illustration of the ordered crystalline structure is shown in Figure 2.4.
Birnessite typically consists of a mixture of MnIII and MnIV with an average

valency between +3.3 and +4.0 [17,18,84,86]. Also, the presence of a small amount of
MnII , probably bonded to the MnO6 layer, is proposed [84]. It is suggested that the
cation charges are balanced by MnIII and/or Mn vacancies in the Mn octahedral
layer [87]. The resistivity of Birnessite4 of 5.2·105 Ωcm is relatively high and has to be

4Measured for a K-Birnessite.
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Figure 2.4.: Illustration of the ordered crystal structure of Birnessite. The struc-
ture model from Lopano et al. [81] is used.

taken into account regarding the layer thickness when preparing the electrodes [88].
Preparation parameters like the temperature or the Ca:Mn ratio in�uence the crystal
structure, since a higher temperature and a low Ca:Mn ratio result in a higher order.
However, a high degree of order leads to a reduced catalytic activity [17]. As a result,
typical Birnessite electrodes are partially disordered, as indicated by the absence
of strong long range order features in the extended X-ray absorption �ne structure
(EXAFS) and very weak and broad, or even absent, re�ections in X-ray di�raction
(XRD) [84,86,89].

2.2.2. Electrochemical Performance of Birnessite

The catalytic rate of Birnessite is in�uenced by the cation species and concentration.
The highest rates are typically achieved with Ca2+ cations with a Ca:Mn ratio of ≈
0.21 [17,84]. However, recently Melder et al. [67] also achieved a good activity with Na-
Birnessites, where 10 mAcm−2 were reached at an overpotential of 330 mV. In this
case the Na-Birnessite was deposited by a redox reaction of potassium permanganate
and carbon on graphitized carbon �ber paper [67]. In addition, Birnessite displays
good stability under OER conditions [67,83,89], which is also suggested by the Pourbaix
diagram of MnOx where Birnessite is the only stable structure under OER condition
from pH 2 to 14 amongst the compared structures5 [90].
Some studies indicated an activity not only at the outer surface of the electrode,
but also within the mesoporous material. However, this volume e�ect has a limiting

5MnO2, Mn2O3, Mn3O4 and Mn(OH)2 were considered.
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thickness, probably due to the low electric conductivity of Birnessite. [67,89]

In alkaline conditions, the OER catalyst typically operates at potentials of about
300 mV and 10 mAcm−2 (see Table 2.4), potentially suggesting a common mecha-
nistic limitation [33,68]. For the oxide based OER catalysts, a mechanism is typically
proposed which includes a surface hydroxide OH* intermediate formation and a fur-
ther oxidation to OOH* [91�94]. DFT calculations indicate no signi�cant di�erence
in binding energies for OOH* and OH* at the surface regardless of the metal oxide,
due to thermodynamics suggesting a minimum �thermodynamic overpotential� at
planar metal-oxide surfaces [33,68,94].
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2.3. Integrated Water Splitting Device Design

Renewable generation of hydrogen requires the implementation of the HER and
OER catalysts discussed in the previous sections as well as an energy source. In
photo-electrochemical devices for water splitting, the energy is provided by a pho-
toabsorber, and in an integrated device, the catalysts are directly deposited on the
photoabsorber. These devices are developed with the objective to gain higher e�-
ciencies than modular photovoltaic and electrolysis systems [15], thanks to reduced
systems costs and contact losses. Due to the overpotentials of OER and HER, the
photoabsorber needs to provide a voltage of 1.6�2.4 V [15]. However, most of the inter-
esting absorber materials are not electrochemically stable in aqueous electrolytes [95].
Thus, an electrically conducting anticorrosion layer covering the semiconductor ab-
sorber is generally required [96]. In principal, a closed and stable catalyst layer could
also ful�ll this task. However, this makes the catalyst choice di�cult and might
also reduce the achievable e�ciency. Thus, a separate protection layer will be used
in this work and the additional interface has to be a trade-o�. The stability of the
integrated device typically improves with increasing layer thickness. However, the
series resistance rises, too, and thus the photoelectric current density drops. Con-
sequently, ultra-thin conducting protecting layers are highly desirable but require a
perfect layer deposition and a fundamental understanding of the defects and their
role in corrosion.
In this work multi-junction silicon solar cells are utilized due to their abundance,

high conversion e�ciencies and capability to provide enough potential for water
splitting. In addition, a TiO2 protection layer is used which is well established
for water splitting devices in various thicknesses [97�104]. TiO2 is stable for >500 h
in alkaline conditions [98], it possesses a relatively good electric conductivity and
the growth of ultra-thin layers by atomic layer deposition (ALD) is well estab-
lished [98,99,105].

E�ciency and Device Design

The solar-to-hydrogen e�ciency (STH) is the ratio of the energy which is put into
the system in form of the total incident solar irradiance S and the stored energy of
the water splitting reaction (∆E=1.23 V): [106]

STH(%) = J ·∆E/S · 100%. (2.9)

J is the current density at the photoelectrode. The STH e�ciency can also be
expressed as a product of the e�ciency of the solar conversion of the photovoltaic
(PV) cell ϕ(PV ) and the water splitting e�ciency ϕ(WS):

STH(%) = ϕ(PV ) · ϕ(WS). (2.10)

This distinction is helpful to determine which part of the device is the bottle-
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neck for overall e�ciency. In principal, there are three di�erent ways to design an
integrated device which are illustrated in Figure 2.5.

Figure 2.5.: Schematic illustration of di�erent integrated device designs.

Design A consists of two separated stacks on a transparent conduction oxide
(TCO) substrate. One stack consists of a solar cell with a protection layer where
the HER catalyst is directly deposited on top. The other stack is the OER catalyst.
Depending on the preparation method of the device, the protection layer is also
in between the OER catalyst and the TCO. This device is illuminated through
the glass substrate and TCO. The TCO acts as the electric contact between the
solar cell and the OER catalyst. Only the backside of the device is immersed into
the electrolyte. [107] The downside of this design is the ine�cient use of area since
the OER and HER catalyst are directly next to each other. Another problem is the
separation of the reaction products (O2 & H2). Due to the design, an implementation
of the H2/O2 separation membrane is impractical so that a subsequent separation
is necessary. With a AlGaAs/Si solar cell and a RuO2 and Pt catalyst, a STH
e�ciency6 of 18.3% has been be achieved [107].
To overcome the insu�cent area usage, in design B the solar cell is covered

with a protection layer on both sides, and the OER and HER catalyst are deposited
separately on di�erent sides. The whole device is then immersed into and illuminated
6Note that the geometric electrolysis area is larger than the illuminated area by a factor 5
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through the electrolyte. [106,108,109] Here a separation of the reaction products can be
realized with a membrane. But there is a trade-o� between the e�ciency ϕ(WS)
of the catalysts and the e�ciency ϕ(PV ) of the solar cell. On the one hand, a
higher coverage of the catalyst increases the product yield, but on the other hand,
it increases the shadowing of the solar cell and thus reduces the charge carrier
separation. In addition, a much a higher surface area is exposed to the electrolyte
which increases the risk of degradation. Also, a lower water splitting e�ciency
ϕ(WS) is expected for this con�guration since protons that are generated at the
front side have to move around the device to the backside where they are reduced to
H2. The long distance for ion transport induces ohmic losses which result in a lower
ϕ(WS). [106] In addition, the solar irradiance is reduced by the electrolyte which cuts
down on ϕ(PV ).
Design C simpli�es the idea of B by removing the OER catalyst from the

front. The OER catalyst can operate in the dark, electrically connected by wiring.
As a result, only one side of the solar cell is in contact with the electrolyte, here a
protection layer and the HER catalyst are deposited. In this way, the semiconductor
is cathodically protected. [110] This decreases the risk of degradation, maximizes the
illuminated area and prevents shadowing which results in high PV e�ciency ϕ(PV ).
However, the device is not fully integrated since the OER catalyst is connected via
wires. With the implementation of a membrane, similar to design B , the separation
of O2 and H2 can be realized. The ion transport can be improved by reducing the
anode-cathode distance, which will improve the water splitting e�ciency ϕ(WS).
A triple junction of amorphous Si with a Cobalt OER catalyst and NiMoZn for
HER can reach a STH e�ciency of 4.7% (design C ) [106]. With the same materials
but the con�guration of design B , an STH e�ciency of only 2.5% is reported [106],
indicating the mentioned �aws in design B . Here an operation in 0.1 M KOH was
not possible due to degradation within less than 2 h. With a GaAs photocathode
and a Pt catalyst (design C ) an STH e�ciency of 17% was reported by Kang et
al. [111]. However, without a protection layer, this device is not stable and with the
implementation of a protection layer the e�ciency decreases to 12.7%. In a tandem
setup of two devices, with one for OER and one for HER, similar to design A , an
e�ciency of 13.1% can be achieved. [111]

Motivated by the promising results, design C was selected to be used in this
work. However, regardless of the device design, a stable and electronic conducting
protection layer for the solar cell is needed and the corrosion pathways have to be
carefully analyzed.
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2.4. In-situ Electron Microscopy

During catalysis the structure of the catalyst can change in complex ways. For the
investigation of the correlation of structure and catalytic performance, structural
information on the atomic- or nanoscale under reaction conditions is needed. En-
vironmental transmission electron microscopy (ETEM) is, next to electrochemical
scanning tunneling microscopy (EC STM), one of the few methods with high real
space spatial resolution which can analyze the catalyst surfaces in-situ [112]. In gen-
eral, a TEM needs a high vacuum throughout the microscope to avoid interactions
of the beam with gas molecules, to avoid contamination of the specimen and to pro-
tect the electron gun [113]. Consequently, the gas system in an ETEM must provide
a high pressure in the sample region while maintaining a high vacuum in the rest of
the TEM. This can be achieved by di�erential pumping or the application of thin
transparent windows [112].

Window Method

The so-called window method uses a thin electron transparent membrane (e.g. Si3N4

or graphene) as a window to separate the high pressure area around the sample
from the high vacuum in the rest of the microscope. Typically, the membranes
are used in sample holders which also contain a gas inlet and outlet. With this
technique pressures up to 4 bar are possible. A thin electron transparent window
(≈ 18 nm [114]) within the membrane allows a reasonable resolution of 0.18 nm at
1 bar [112,115]. In principal, electrolytes instead of gases can be used, however, this in-
creases the bulging of the membranes, which decreases the resolution due to enlarge-
ment of the electrolyte thickness. In addition, non laminar �ow and disturbances
due to bubble formation can occur between the two membranes.
The advantages of the window method are the high pressures and the use of

electrolytes. Due to the high pressures the conditions in the TEM can be quite
similar to ex-situ studies. However, the window method comes with the downside of
less spatial resolution and challenges with EELS and EDX. Remarkably, the small
reaction chamber enables the detection of reaction products with a residual gas
analyzer (RGA). For example, Vendelbo et al. [114] investigated the CO oxidation
of Pt nanoparticles and were able to detect anti-cyclic oscillations of the reactant
and product gases with the RGA. These oscillations could then be correlated with
structural changes of the nanoparticles [114].

Di�erential Pumping

Alternative to the membrane a di�erential pumping system can be used to maintain
a pressure of environmental gases around the sample and a high vacuum in the rest
of the TEM. This is achieved by di�erential pump apertures and additional pumps
along the TEM column. The �rst pair of apertures is placed close to the sample
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within the objective lens pole pieces. A turbo molecular pump is pumping out most
of the leaking gas. This system is repeated several times along the column. [116]

The main advantages of the di�erential pumping is the maintenance of high res-
olution as well as possible use of analytical TEM since the electron beam is not
in�uenced by a membrane. However, with higher gas pressures the resolution will
also degrease due to scattering at gas molecules. Another bene�t is the possibility
to use a wide range of specialized specimen holders for in-situ experiments with,
e.g., scanning tunneling microscope (STM) tips, heating/cooling, mechanical stress,
electrical and optical measurements. However, the pressure is limited depending on
the gas type to about 10 to 20 mbar due to the di�erential pumping. [112] In addition,
the RGA employment is challenging due to the signi�cantly larger volume compared
to the surface area of the lamella. Measuring the catalytic products from a TEM
lamella is highly challenging. However, the fabrication of pellets which �t into the
TEM stage enables the detection with the RGA. [117]

Visualizing Dynamics at the Catalyst Surface with
Transmission Electron Microscopy

Aberration-corrected in-situ environmental transmission electron microscopy has
reached a level where it provides atomic resolution real space information about the
surface under ambient conditions [118�120]. In addition, an electron beam induced
or applied electric potential allows for in-situ studies of the surface in OER like
conditions [78,121]. In the following sections, the capability of visualizing dynamics
on the catalyst surface with TEM is displayed on the basis of the work of Lole et
al. [122] and Yuan et al. [123].

Visualizing absorbed molecules on the surface in the ETEM is a great challenge
due to a lack of su�cient contrast. Yuan et al. [123] solved this problem by using
the highly ordered active row of protrusions of TiO2. The ordered protrusions are
a (1x4) reconstruction at the (001) surface and are formed in-situ in the ETEM
at 700◦C and 10−3 mbar O2. When introducing 1 mbar H2O in the TEM twin
protrusions become visible, indicating absorbed water species. The absorption is
analyzed with fourier-transform infrared spectroscopy (FTIR). And with the help
of density-functional theory (DFT), the features in the spectra can be assigned to a
symmetric protrusion with each a OH-H2O group.
TiO2 is catalyzing the H2O + CO→ H2+CO2 reaction at elevated temperatures,

which is studied in a 5 mbar 1:1 mixture of H2O and CO with the ETEM. Here the
twin protrusion becomes unstable which is visible by contrast changes. DFT suggests
a reaction pathway where adsorbed H2O species are consumed and then replenished
from the water vapor. The dissociation of the H2O molecule which forms the twin or
single protrusion has the largest energy barrier, indicating a relative stable structure.
Hence, the blurring of contrast could be an interference of the two structures which
occasionally clears when one structure is the majority of the protrusion row.
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With these experiments Yuan et al. [123] could show that the ETEM can visualize
reacting H2O molecules and hence be used to study catalytic processes at highly
ordered surfaces.

While Yuan et al. [123] visualized adsorbed and reacting molecules on an ordered
surface, Lole et al. [122] focused on the dynamics of Mn adatoms on the top of the
OER catalysts La0.6Sr0.4MnO3 (LSMO) and Pr0.33Ca0.67MnO3 (PCMO).
LSMO yields a stable current density of 1.03 mA/cm2 at 1.75 V vers. RHE, and, in

the presence of water vapor, a hopping of Mn adatoms can be visualized by ETEM.
The detection limit of Mn adatoms is determined to triple or higher occupancy of the
column by comparing the experimental signal to noise ratio of a 4.2 nm thick lamella
to image simulations. The dynamic adatom contrast mainly appears at interstitial
surface positions with a minimal hopping rate of ≥4 s−1. The determination of the
hopping rate is limited by the frame rate. A surface step can a�ect the dynamics due
to an Erich-Schwöbel barrier which is visible by the increased Mn adatom contrast
in the vicinity of atomic step edge at the surface. This is also represented by the
reduced hopping rate of 0.7 s−1. The dynamic hopping of Mn adatoms is unique for
H2O since in O2 and HV the hopping rate is signi�cant reduced to 0.25 s−1 (HV) and
0.2 s−1 (O2). In addition, the Mn valence is quite stable as well as the stoichiometry.
In comparison to LSMO, PCMO shows a redox couple in rotating ring disk elec-

trode (RRDE) cyclic voltammetry (CV) which is related to the reversible forma-
tion and annihilation of oxygen vacancies. In addition, post-mortem analysis re-
veals an increase in surface roughness and a depletion of Mn in the �rst 2�3 nm of
the surface. In accordance with the prior results, PCMO displays irreversible Mn
adatom dynamics in the ETEM experiments in the presence of H2O. The detection
of the hopping rate r ≥4 s−1 is again limited by the frame rate. After a full order-
ing/recrystallization of the surface in O2, highly mobile and disordered Mn adatoms
are visible on the surface in H2O, while no movement of the Pr/Ca is observed. In
addition, an increase in contrast dynamics of Mn at the subsurface is detectable.
After about 11 min the e�ect of Mn leaching becomes visible by the newly formed
3�4 monolayer thick Pr rich surface layer. HRTEM and post mortem EELS analysis
reveal a cubic PrOx (x≈2) structure and, thus, a Mn depletion which is accompanied
by a Mn oxidation state reduction.
According to literature [124�126] 2�4 monolayers of adsorbed H2O can be expected

on the catalysts surface in the pressure range of 0.01�5 Pa. Together with the ap-
pearance of the surface dynamics solely in H2O this indicates a correlation with
the adsorbed water layer. Beam induced hopping of the Mn adatoms can be ruled
out by comparing the experimental hopping rates with calculated rates for beam
induced hopping. Instead, the reduction of the e�ective surface barrier in the pres-
ence of H2O due to a partially solvation of Mn is more likely to be the reason for
the increased dynamics.
The same trends in the ETEM experiments and electrolysis are remarkable and

suggest that maintaining a high Mn oxidation state of the surface is essential for
preventing irreversible dynamics. The di�erent behavior of LSMO and PCMO can
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be explained by the di�erent covalence and charge localization. The formation of
delocalized large polarons in LSMO prevents a change in the Mn oxidation state at
the surface, while in PCMO the localized Zener Polaron leads to the formation of
an O− species. At anodic potentials this can lead to a oxygen vacancy formation
and, thus, a reduction of Mn. The reaction can be irreversible due to the higher
solubility and leaching of Mn2+.
The consequences of the dynamics could be a modi�cation of the adsorption

energies, coordination and electric properties of the active site. A more �exible
coordination of Mn with OH2 and OH, compared to a static surface and hence new
con�gurations of O-O formation, is possible. The hopping and electron transfer
rate is in the same order of magnitude indicating that Mn can move across several
sites during a full O2 evolution cycle.

The presented work from Lole et al. [122] and Yuan et al. [123] demonstrate the
capability of in-situ ETEM studies to reveal surface dynamics of highly ordered
active catalysts. These dynamics have to be taken into account for further catalyst
research and the discussion of the reaction mechanism. However, the visualization
of the surface dynamics in the presented research was possible due to the highly
ordered catalysts. This work meets the challenge of the structural analysis and the
visualization of dynamics in more disordered materials in the following chapters.
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Abstract

Using transmission and scanning electron microscopy, we study mechanisms which
determine the stability of Silicon photocathodes for solar driven water splitting.
Such tandem or triple devices can show a promising stability as photocathodes if
the semiconductor surface is protected by an ultrathin TiO2 protection layer. Using
atomic layer deposition (ALD) with Cl-precursors, 4-7 nm thick TiO2 layers can be
grown with high structural perfection. The layer can be electrochemically covered
by Pt nanoparticels serving as electro-catalysts. However, Cl-remnants which are
typically present in such layers due to incomplete oxidation, are the origin of an
electrochemical degradation process. After 1 hour AM1.5G illumination in alkaline
media, circular shaped corrosion craters appear in the topmost Si layer, although the
TiO2 layer is intact in most parts of the crater. The crater development is stopped
at local inhomogenities with a higher Pt coverage. The observations suggests that
reduced Titanium species due to Cl−/O2− substitution are nucleation sites of the
initial corrosion steps due to enhanced solubility of reduced Ti in the electrolyte.
This process is followed by electrochemical dissolution of Si, after direct contact
between the electrolyte and the top Si layer surface. To increase the stability of
TiO2 protected photocathodes, formation of reduced Ti species must be avoided.

3.1. Introduction

High e�ciency photo-electrochemical devices for solar-driven hydrogen generation
require the integration of di�erent materials, which show optimal performance for
the speci�c functions. Such integrated devices are developed with the goal to estab-
lish a higher e�ciency in water splitting than modular photovoltaic and electrolysis
systems, due to reduced contacts losses. [15] Silicon solar cells are well suited for
e�cient absorption of the solar spectrum with resulting high conversion e�cien-
cies but require a multi-junction or series connection set-up to provide su�cient
voltage for water splitting. However Si and also most other interesting absorbers
are not electrochemical stable in aqueous electrolytes. [95] Since most earth abun-
dant e�cient oxygen evolution catalysts operate only stable in alkaline conditions,
the hydrogen evolution has to be preferably carried out in alkaline electrolyte me-
dia, too. Thus, the photocathodes and anodes would be in contact with aqueous
alkaline electrolytes so an electrically conducting anticorrosion layer covering the
semiconductor absorber in addition to a suitable catalyst is generally needed. Sev-
eral metal and oxide protection layers have been explored including Pd, Ni, SiOx,
NiOx and TiO2. [97,127�130] For TiO2 a durability of >500 h in alkaline conditions has
been achieved. [98] Furthermore, it possesses a relatively good electric conductivity
and methods for the growth of ultra-thin layers, such as atomic layer deposition
(ALD), are established. [98,99,105] ALD o�ers the opportunity of deposition of high
quality thin �lms by a layer by layer growth mode, which is required to obtain a
fully covered ultrathin �lm. TiO2 protection layers of various thicknesses are well
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established for water splitting devices [97�104], including the combination of a TiO2

layer with nanostructured TiO2 for obtaining high surface areas. [100] Generally, there
are competing performance requirements on the protection layer. Stability typically
improves with increasing layer thickness, however, the photoelectric current density
drops because of the higher series resistance. Consequently, ultra-thin conducting
layers are highly desirable due to their good charge transport properties, but posing
the challenges for layer perfection and thus require a fundamental understanding of
the role of defects for corrosion. In this work we analyze the in�uence of growth-
induced defects and impurities in ultrathin TiO2 protection layers on the stability
and e�ciency of a photocathode device. The 4-6 nm thick amorphous TiO2 pro-
tection layer is deposited by ALD on silicon based tandem and triple junctions.
The devices are operated for 1 h under AM1.5G in alkaline media (0.1 M KOH) to
analyze their stability and processes initiating corrosion. After operation the de-
vices are studied by scanning (SEM) and transmission electron microscopy (TEM).
Our results suggest that impurity-induced reduced TiO2 sites are the origin of an
accelerated electrochemical corrosion process.

3.2. Results

3.2.1. Pristine State of the Photocathode

The pristine photocathodes with Si-based tandem/triple cell, covered with 100x
cycles of ALD grown TiO2 and electrochemically deposited Pt nanoparticles were
analysed by SEM and TEM. The TiO2 and Pt particle features described in the
following, do not depend on the Si cell con�guration. Exemplarily, the results are
summarized in �gure 3.1 for the tandem cell con�guration.
Although areas with higher and lower Pt coverage are found (�gure 3.1 C and D,

respectively), the TiO2 �lm appears in SEM as a homogeneous and smooth layer
without any growth features such as e.g. pinholes. This indicates a full TiO2 cov-
erage in the pristine state. TEM cross-section lamellas are prepared at di�erent
photocathodes and di�erent locations. The bright �eld image (�gure 3.1 B) reveals
the expected structure of the photocathode, where even the a-Si/a-Si interface is vis-
ible. The junction between the Si sub-cells consists of a thin doped microcrystalline
silicon or doped microcrystalline silicon oxide layer, depending on the junction con-
�guration, which is visible in bright �eld (�gure 3.1 B). The TiO2 layer is visible
in the TEM overview image only at positions without overlap to Pt particles. The
bright �eld image at higher magni�cation in �gure 3.1 E shows the typical morphol-
ogy of TiO2 layer. The �lm thickness varies between di�erent photocathode samples
and is in the range between 4 to 7 nm, �uctuating across the layer by ±1 nm. The
amorphous structure of the TiO2 layer is con�rmed by HRTEM and electron di�rac-
tion.
The inhomogeneous coverage of the photocathode by Pt nanoparticles in the pristine
state seems to be correlated to the TiO2 layer thickness. Areas with high Pt density
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Figure 3.1.: Con�guration of the photo-electrochemical device: A: Scheme of the
device; B: TEM bright �eld image in cross section of a tandem cell
photocathode; C: representative SEM image of a photocathode surface
at an area with high Pt coverage; D: area with low Pt coverage; E:
Cross-section TEM bright �eld image of the TiO2 layer from an area
with high Pt coverage.

(H.Pt) occur at thicker TiO2 regions and areas with low Pt density (L.Pt) occur at
thinner TiO2 regions, respectively. Within the sample series the absolute values for
Pt density and particle size varies slightly (see Figure A.2) but Pt rich and reduced
areas are observed for all studied surfaces.

3.2.2. Performance

The photoelectrochemical performances of the tandem and triple cell devices were
tested in 0.1 M KOH under AM1.5G illumination by using chronopotentiometry
with a constant current density of −2 mAcm−2 for 1 h. The corresponding results
are depicted in �gure 3.2.
Both devices show a constant potential at the beginning with initial values of



3.2. Results 27

Figure 3.2.: Chronopotentiometry measurement of a tandem and triple cell de-
vices under AM1.5G illumination with a constant current density of
−2 mAcm−2 for 1 h.

1.4 Vvs RHE for the tandem cell and 1.8 Vvs RHE for the triple cell. In previous
studies, operating times of 12 h could be achieved for similar systems. [131] However,
in these studies a titanium dioxide layer thickness of 30.5 nm was used, which is much
higher than in the systems reported here. Figure 3.2 shows that both the tandem
as well as the triple junction photocathodes experience a decrease of the potential,
which is most pronounced for the triple cell device at the end of the measurement.
From this observation, an early onset of a continuous device degradation can be
concluded, which later turns into a rapid corrosion. The degradation mechanism
including the in�uence of the Pt particle distribution, impurities as well as the
passivation layer thickness will be discussed below.

3.2.3. Post-mortem studies of the photocathode stability

Change in Surface Morphology by SEM

The SEM studies address two topics: (i) The stability of the coverage, shape and
size of the Pt nanoparticles and (ii) of the TiO2 protection layer after 2 h, 4 h,
and 6 h of AM1.5G illumination in 0.1 M KOH at −2 mAcm−2. For the Pt particle
coverage, size distribution and morphology, no signi�cant changes could be observed
even after 6 h of hydrogen evolution (Figure A.1 & A.3). However, in areas with low
Pt coverage the formation of circular holes in the TiO2 layer and the underlying Si
�lm is visible in �gure 3.3. These circular holes are already present at the surface
of the photocathode after 1 h of electrolysis in 0.1 M KOH. In contrast to the hole
formation in areas with low Pt coverage, no hole formation can be observed in areas
with high Pt density. Remarkably, the lateral hole growth even stops at areas with
high Pt coverage (�gure 3.3A).
The circular shape of the craters indicates, that the hole growth is nucleated
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at very local point like nucleation centers in the TiO2 layer and then grows in a
concentric manner. The dependence of the crater formation on the Pt nanoparticle
coverage provides strong evidence for an electrochemical degradation process of the
TiO2 layer nucleating at defects and a subsequent electrochemical dissolution process
of the Si material below the TiO2 layer. Clearly, hole growth is stopped after reaching
an area with high Pt coverage. Consequently a high Pt coverage prevents or at least
slows down the electrochemical degradation of the TiO2 layer and underlying Si.
As revealed by the TEM studies of corrosion craters (see e.g. �gure 3.5), the TiO2

layer is preserved in most parts of the crater, even at locations where the Si has been
dissolved. This supports that the TiO2 layer is stable under operation conditions and
electrochemical corrosion of Si is nucleated at small inhomogeneities and propagates
in a concentric manner in low Pt regions.

Figure 3.3.: SEM images of the post mortem state of the tandem photocathode
after 1 h of operation. A: detailed view of the corrosion craters at the
interface of high and low Pt coverage; B: Overview of the di�erent
areas of high and low Pt coverage. The round shapes in the L.Pt
areas are corrosion craters.

Post Mortem Studies of Chemical Inhomogeneities

In order to further investigate the role of chemical inhomogeneity for the device
stability, EDX measurements were carried out. Several EDX spectra were taken in
areas with high and low Pt density. These spectra then were summed up accordingly,
the background was removed and the signal normalized to the Kα1 Si Re�ex. The
result in �gure 3.4 indicates that Cl is present in some areas of the TiO2 layer. In
general, the Cl concentration is the highest in the holes and also in areas with low
Pt density compared to the high Pt density areas.
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Figure 3.4.: EDX analysis of the Cl inhomogeneity in corroded and non-corroded
areas of a tandem device after 1 h of operation. A: Overview on EDX
spectra at the Cl Kα1 line for di�erent areas; B: SEM images of areas of
high (H:Pt) and low (L:Pt) coverage, where coloured circles exemplify
areas where the spectra in A where taken.

Post Mortem TEM Studies of the TiO2 Layer and Corrosion Craters

The cross-section HAADF scanning transmission electron microscopy (STEM) im-
age in �gure 3.5 displays the edge of a corrosion crater. Within the crater (right
side) the Si is only partially removed. The dissolution has stopped at the a-Si/a-Si
interface of the solar cell. The EDX maps in �gure 3.5 B and C reveal a par-
tially intact TiO2 layer within large areas of the holes. This is supported by EDX
measurements carried out at a SEM (Figure A.2). These �ndings supports the elec-
trochemical nature of the Si dissolution. Even the Si beneath a preserved TiO2 layer
goes into solution via a lateral process involving neighbouring pin holes. The re-
maining TiO2 layers within the craters then just shift down during the Si dissolution,
demonstrating the stability of such a protective layer. Post mortem TEM studies
of cross-section lamellas outside the crater regions con�rm the results obtained at
the pristine devices: Depending on the area, the thickness of the TiO2 layer varies
by a few nanometres (Figure A.2). The thickness of the speci�c photocathode stud-
ied has an average value of (7.4±1.2) nm in the area with high Pt coverage and
(5.4±0.8) nm in the low Pt density area. Together with the previous results this
points toward a correlation between stability, TiO2 layer thickness, Pt coverage and
Cl content. The photocathodes preferably degrade in areas with low Pt coverage, a
thinner TiO2 layer thickness and a higher Cl concentration.
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Figure 3.5.: EDX analysis of a corrosion crater of a tandem photocathode after
1 h of operation in cross plane view; A: HAADF cross-section image
of the edge of the corrosion crater. EDX element maps: B: Oxygen;
C: Titanium.

3.3. Discussion

In the preparation of the TiO2 protection layer of the photocathode by the ALD
process, Ti-tetrachloride is used as the Ti precursor. In addition, K2PtCl4 is used
for the electrochemical deposition of Pt nanoparticles. The EDX data point toward
the ALD process as the origin of the correlation between Cl species and corrosion
craters, since no increase in Cl can be detected at or near the Pt particles. Thus,
there are Cl impurities stemming from a non ideal ALD process, where Cl-doped
TiO2−xClx is formed in an incomplete reaction. Such Cl-remnants are typically
observed in TiO2 layer formation by Cl-containing precursors. [132,133] The calculated
Pourbaix diagram as well as cyclovoltammetry studies reveal that TiO2 is stable at
potentials close to HER in alkaline conditions. [63,134] However, reduced TiO2−x such
as the Magneli phase shows a redox peak at −0.1 V vs Hg/HgO. [135] Hence, Ti3+

exists in the Magneli phase which is redox active in CV under alkaline conditions.
In Cl-doped TiO2, Cl is an electron donor, suggesting that Ti4+ is reduced due to
replacement of O2− by Cl−. In addition oxygen is more electronegative than Cl,
facilitating the formation of reduced Ti3+ species in the TiO2−xClx layers. The
hypothesis that Cl-doping leads to Ti3+ formation is additionally supported by the
electronic bandstructure calculations of Yang et al, which reveal a shift in the TiO2

conduction band to lower values due to Cl doping. [136] If Ti3+ is already present due
to the chemical impurity, it can be even further reduced to Ti2+ in the cathodic
current branch of the CV. The Pourbaix diagram [63] suggests that Ti3+ and Ti2+ is
only soluble in the acidic pH regime and TiO2 transforms into other solid Ti-O phase
at potentials negative of the E0 (HER). However, this applies only in electrochemical
equilibrium with an electrolyte containing dissolved Ti species. In our case the Ti
concentration in the electrolyte is basically zero. In non-equilibrium dissolution
of Ti3+ and Ti2+ can set in even in alkaline conditions. The leaching of Ti3+/2+

is consequently facilitated in locally Cl− enriched areas, leading to the formation
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of small pinholes in the TiO2, which can in turn act as nucleation centres for the
electrochemical crater formation in Si. An alternative scenario is the local change
of the pH value due to the formation of HCl at the interface of the electrolyte to Cl-
doped TiO2. This is unlikely because at pH 13 (0.1 M KOH) HCl would immediately
react to KCl:

HCl +KOH 
 KCl +H2O

The chemical cathodic etching of Si in alkaline solution is an intensively studied
subject due to its importance in Si technology (see e.g. Ref [137�139]). After exten-
sive studies, the model of a coupled chemical/electrochemical mechanism has been
developed which is a combination of an H2O/OH− attack of Si-Si or Si-H bonds
with the formation of soluble Si(OH)4 species and anodic currents due to electron
injection. Cathodic currents lead to the formation of activated H and Si-Hx bonds
which may also form reactive and soluble SiHx species. [140,141]

The suggested mechanism of crater nucleation by electrochemical dissolution of
Ti3+/Ti2+ at Cl-doped TiO2 areas and subsequent dissolution of Si (illustrated in
�gure 3.6) is consistent with the following observations: (i) the crater formation
depend on the TiO2 layer thickness. (ii) The crater formation is centred at areas of
locally enhanced Cl concentration within the TiO2 protection layer. (iii) The crater
formation preferentially takes place at locations of lower Pt particle coverage, where
large overpotentials can develop. In addition to Cl-induced preformed Ti3+ defect
states, a locally increased overpotential can drive Ti4+ reduction. The equilibrium
potential for Ti4+ reduction is −1.38 V compared to −0.82 V for proton reduction in
alkaline conditions pH=14. [142] (iv) The observation of an intact TiO2 layer in large
areas inside the dissolution craters strongly supports that the TiO2 can endure HER
under alkaline conditions and only the Cl impurities lead to the degradation of the
TiO2 layer. (v) The stop of the vertical degration of Si at the a-Si/a-Si interface is
consistent with the suggested electrochemical degradation mechanism for Si. The
removal of one PIN subcell of tandem junction reduces the photovoltage that drives
the Si dissolution. (vi) A high Pt coverage can reduce the dissolution of TiO2 and
Si, probably due to a locally reduced overpotential.

3.4. Conclusion

The degradation of chemical passivation layers on Si photocathodes has been ana-
lyzed using TEM and SEM studies. It is evident that the desired HER is competing
to other unwanted electron transfer reactions (electron induced Si decomposition).
The latter can be suppressed by an ultrathin electrically conductive protection layer
which stability is in�uenced by the layer morphology and stoichiometry. In the case
of TiO2 layers a non-ideal ALD process for the growth of ultrathin TiO2 layers based
on Cl-containing precursors can lead to a Cl doping of the TiO2 protection layer.
As a result locations of partially reduced Titanium represent nucleation centers for
the onset of the corrosion. Ti3+ dispenses or is further reduced to Ti2+, which can
then also dissolve in the electrolyte. To increase the stability of TiO2 protected
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Figure 3.6.: Schematic illustration of the suggested mechanism of pinhole forma-
tion in TiO2 and the subsequent Si dissolution mechanism.

photocathodes, defects such as chemical impurities, maybe also oxygen vacancies
that give rice to reduced Ti species, must be avoided. The e�ect of degradation
can be reduced by a homogenous coverage of Pt as a co-catalyst. In summary, the
chemical composition (impurities) as well as the morphology of the electrochemically
involved surface , including the electronically conduction protection layer as well as
the catalyst must be well-choosen, for obtaining stable devices.

3.5. Experimental Section

3.5.1. Preparation of Si-based Photocathodes solar cells

Thin-�lm silicon solar cells were deposited in a p-i-n sequence (superstrate con�gu-
ration) by a Plasma Enhanced Chemical Vapor Deposition (PECVD) technique in a
multi-chamber system. All solar cell (a-Si:H/a-Si:H tandem and a-Si:H/a-Si:H/µc-
Si:H triple) were deposited on 100 cm2 �uorine-doped tin dioxide (SnO2:F) coated
glass substrates (Asahi U type) at substrate temperatures below 185°C. For the in-
trinsic absorber layers (i-layers) a mixture of silane (SiH4) and hydrogen (H2) gases
was used. For the doped p- and n-type layers, trimethylborane (TMB), methane
(CH4), phosphine (PH3), and carbon dioxide (CO2) gases were added to the silane-
hydrogen mixture. For µc-Si:H intrinsic and p-type layer depositions an excitation
frequency of 94.7 MHz was used. For all a-Si:H layers an excitation frequency of
13.56 MHz was used. Additional details on the solar cell preparation can be found
in refs. [130,143]
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3.5.2. Device Integration

The prepared silicon solar cells were coated with thin �lms of amorphous TiO2 for
surface passivation and corrosion protection by using a custom-built thermal ALD
reactor. Titanium tetrachloride (99.995 %, Sigma-Aldrich) and Milli-Q water were
used as precursors at a growth temperature of 160°C with high purity nitrogen
(99.999 %) as a purging gas. Detailed information about the ALD setup are given in
Cottre et al. [131] Prior to the TiO2 deposition etching procedures were used for the
surface preparation. The a-Si:H/a-Si:H tandem cells were etched with ammonium
�uoride (40 %, semiconductor grade VLSI PURANAL, Sigma-Aldrich) for 5 min
while the a-Si:H/a-Si:H/µc-Si:H triple cells were cleaned by using a piranha bath
with sulfuric acid (96 %, VLSI Selectipur, BASF) and hydrogen peroxide (31 %,
VLSIn Selectipur, BASF) in a de�ned ratio (H2SO4 : H2O2 = 3 : 1) for 5 min.
The next step of the device integration is the preparation of the Pt electrocatalyst
particles for the hydrogen evolution reaction by galvanostatic electrodeposition. Un-
less otherwise stated 2 mM K2PtCl4 (99 %, Carbolution Chemicals GmbH) in 0.5 M
H2SO4 (±0.2 %, Carl Roth GmbH) solution was used. The Pt deposition was carried
out with a current density of −0.5 mAcm−2 for 120 s in a three-electrode setup under
AM1.5G illumination with a silver/silverchloride (3 M NaCl) reference electrode and
a platinum wire as a counter electrode.

3.5.3. Photoelectrochemical Characterization

The photoelectrochemical characterization of the integrated systems was performed
in a three electrode setup in 0.1 M KOH (±0.2 %, Carl Roth GmbH) under AM1.5G
illumination. The formation of an ohmic contact to the TCO was achieved by
scratching the silicon solar cells and using colloidal silver paste (Ted Pella Inc).
The photoelectrochemical measurements were performed in a Zahner PECC-2 cell
with a Gamry potentiostat (Interface 1000). The reference electrode was a sil-
ver/silverchloride electrode (3 M NaCl) while a platinum wire was used as a counter
electrode. The spectral light incidence (AM1.5G) was created by a full spec-
trum solar simulator equipped with a 150 W Xe short arc lamp (LS0108, LOT-
QuantumDesign GmbH). The integrated devices were also tested in a two electrode
setup under AM1.5G illumination in a modi�ed Zahner PECC-2 cell combined with
a commercial ruthenium-iridium oxide counter electrode (Metakem GmbH) for the
oxygen evolution reaction. Here various electrolyte solutions were used (0.1 M and
1 M KOH (±0.2 %, Carl Roth GmbH) and 0.1 M and 1 M H2SO4 (±0.2 %, Carl Roth
GmbH)) to study the performance of the systems in dependence of the pH value.
The respective photoelectrochemical measurements of the two electrode setup can
be found in Cottre et al. [131]
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3.5.4. SEM and EDX

The SEM analysis was carried out with a Nova NanoSem 650 in-situ SEM from
FEI. An Everhart-Thornley (ET) detector was used to take overview images while
the more detailed images were taken with a through the lens (TTL) detector. In
every case an acceleration voltage of 10 kV was used. For energy-dispersive X-
ray spectroscopy (EDX) an acceleration voltage of 20 kV was used and an Oxford
Instrument X-Max detector was employed. The livetime for each spectrum was 120 s
and a minimum of 10 spectra per speci�c area was used for the analysis. In the case
of the cross-section lamella EDX analysis in Fig. 3.5 the SEM was operated in
scanning transmission electron microscopy (STEM) mode where for imaging a High
Angle Annular Dark Field (HAADF) detector was deployed.

3.5.5. TEM lamellae preparation and TEM analysis

Cross-section TEM lamellas were cut using a Nova Nanolab 600 focused ion beam
(FIB) system from FEI with an ion acceleration voltage of 30 kV. First a protective
layer of FIB-Platinum was deposited via electron beam induced deposition. Then
a thicker layer was fabricated by ion beam induced deposition. After rough cuts
with 7 nA and 3 nA currents a transfer to a copper grid was performed and cleaning
cuts with down to 29 pA at 5 kV were carried out. The TEM investigations were
performed with a Phillips CM12 at 120 kV (overview image in Fig. 3.1 B). The TiO2

layer thickness was measured with a Phillips CM 30 at 300 kV (Fig. 3.1 E and Fig
A.2).

Acknowledgements

Funding from the Deutsche Forschungsgemeinschaft in the priority program SPP
1316 is gratefully acknowledged.



Chapter 4.

Structure of Nanocrystalline,

Partially Disordered MoS2+δ

This whole chapter is a complete reproduction of the original publication [28]

Structure of nanocrystalline, partially disordered

MoS2+δ derived from HRTEM - an abundant

material for e�cient HER catalysis

Emanuel Ronge, Sonja Hildebrandt, Marie-Luise Grutza, Helmut Klein, Philipp
Kurz and Christian Jooss

originally published in Catalysts 2020, 10(8), 856 [28] under the terms and
conditions of the CC BY license. doi:10.3390/catal10080856
References, labels and arrangement of �gures have been modi�ed to suit this thesis.

1 Institute of Materials Physics, University of Göttingen, Friedrich-Hund-Platz
1, 37077 Göttingen, Germany; emanuel.ronge@phys.uni-goettingen.de (E.R.);
s.hildebrandt01@stud.uni-goettingen.de (S.H.)

2 Institute for Inorganic and Analytical Chemistry and Freiburg Material Re-
search Center (FMF), University of Freiburg, Albertstraÿe 21, 79104 Freiburg,
Germany; marie-luise.grutza@ac.uni-freiburg.de

3 GZG Crystallography University of Göttingen, Goldschmidtstr. 1, 37077 Göt-
tingen, Germany; hklein@uni-goettingen.de

4 International Center for Advanced Studies of Energy Conversion (ICASEC),
University of Göttingen, D-37077 Göttingen, Germany

∗ Correspondence: philipp.kurz@ac.uni-freiburg.de (P.K.); cjooss@gwdg.de
(C.J.); Tel.: +49-0761-203-6127 (P.K.); +49-551-39-25303 (C.J.)



36 Chapter 4. Structure of Nanocrystalline, Partially Disordered MoS2+δ

Abstract

Molybdenum sul�des (MoSx, x > 2) are promis-
ing catalysts for the hydrogen evolution reac-
tion (HER) that show high hydrogen evolution
rates and potentially represent an abundant al-
ternative to platinum. However, a complete un-
derstanding of the structure of the most active
variants is still lacking. Nanocrystalline MoS2+δ

was prepared by a solvothermal method and
immobilized on graphene. The obtained elec-
trodes exhibit stable HER current densities of
3 mAcm−2 at an overpotential of 200 mV for at
least 7 h. A structural analysis of the material by
high-resolution transmission electron microscopy
(HRTEM) show partially disordered nanocrystals of a size between 5-10 nm. Both
X-ray and electron di�raction reveal large �uctuations in lattice spacing, where
the average c-axis stacking is increased and the in-plane lattice parameter is lo-
cally reduced in comparison to the layered structure of crystalline MoS2. A three-
dimensional structural model of MoS2+δ is derived from the experiments, in which
[Mo2S12]2− and [Mo3S13]2− clusters as well as disclinations represent the typical de-
fects in the ideal MoS2 structure. It is suggested that defect-rich coordinatively
modi�ed Mo edges with lower Mo-Mo distances contain the active sites for HER
catalysis and that these structural features are more important than the S:Mo ratio
for the activity.

4.1. Introduction

The production of hydrogen from renewable energy sources by the splitting of water
is a clean alternative to fossil fuels. [144�146] For a large scale application of water-
splitting electrolyzers, abundant, stable and e�cient electrocatalysts for the hydro-
gen evolution reaction (HER) are needed. However, the best known materials for
this purpose in acidic condition are noble metals, such as e.g. platinum. Because of
the low abundance of noble metals and their resulting high price, the search for more
a�ordable alternatives is of high interest. [23,37] Due to their relatively low overpoten-
tials and the good availability of Mo, molybdenum sul�des have gained increasing
attention in HER catalyst research during the past few decades. [37] However, it is
by now accepted that the catalytic activity of crystalline MoS2 in its most common
2H modi�cation is limited to about −5 mAcm−2 at an overpotential η ≈ 500 mV [49]

because of the special nature of the HER active sites, which are mainly present at
the edges of the two-dimensional MoS2 planes. [55�57] In contrast, for the 1T poly-
morph which has a higher HER activity, the crystalline basal planes might be active
sites. [57,58]. However, this system is not stable. In order to improve catalytic activity,
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sulfur-rich �MoSx� materials (with x > 2) have been synthesized and this approach
has yielded very promising results. [23,39,40] Some MoSx electrodes can deliver current
densities of 10 mAcm−2 at η ≈ 170 mV in 0.5 M H2SO4. In special applications, e.g.
acidic industrial wastewaters, these catalysts also show a much better longterm sta-
bility than Pt. [38] MoSx materials can be synthesized by solvothermal synthesis [40,60],
wet chemical synthesis [37,61], electrodeposition [23,53], thermal decomposition [147] or
chemical oxidation [53]. Typical precursors include ammonium tetrathiomolybdate
((NH4)2[MoS4]) as a solid [40,53,60], aqueous solutions containing [MoS4]2− [23,53] or
ammonium heptamolybdate ((NH4)6[Mo7O24]) [37] or MoO3 reacting with NaS2

[61].
These di�erent synthesis routes for MoSx generally lead to stoichiometries with 2 < x
< 4 and highly disordered, X-ray amorphous structures. [22,23,39,60] X-ray photoemis-
sion spectroscopy (XPS) indicates the presence of a variety of di�erent sulfur species
in the form of unsaturated, terminal, bridging and maybe even apical sul�des and
disul�des. [23,39,40,60,61] As a result from these studies, two quite di�erent structure
models for MoSx have been proposed. One model suggests a polymer like structure
with chains of [Mo2S9]- [22,39,52,54,148] or [Mo3S13]-units. [22,53] Other models feature a
disordered arrangement of [Mo3S13]-clusters. [22,39,40,52,149,150] Sometimes, crystalliza-
tion of the amorphous phase to MoS2 nanoparticles during HER is reported, [37,50]

indicating a structural a�nity to MoS2. The polymer model is supported by a
publication of Tran et al. [53] using real space scanning transmission electron mi-
croscopy (STEM) imaging of a MoSx sample with a relatively large S/Mo ratio of
about 4. However, the structural analyses of other MoSx with lower sulfur contents
(2<x<4) were mostly based on X-ray di�raction (XRD) which does not provide
precise structural information for partially disordered systems. Thus, precise high-
resolution real space information about MoSx structures is of crucial importance for
a better understanding of the HER activity and the identi�cation of active site(s).
The nature of the active sites for disordered MoSx with x>2 (MoS2+δ) is contro-
versially discussed in the literature. Depending on the suggested structural model,
di�erent hypotheses exist. If a MoS2-like nanostructure arises during HER, there is
evidence that terminal disul�des (S2−

2 ) at the edges of the nanocrystals act as active
centers. [37,50] However, no crystalline edges are present in amorphous MoS2+δ, but
here coordinatively unsaturated molybdenum or sulfur sites are considered to act as
HER active sites. [23] Moreover, density functional theory indicate a higher activity
of bridging S2−

2 which would explain the excellent performance of [Mo3S13]2- clus-
ters. [39,151] That S2−

2 may be an active site for MoS2+δ is also supported by XPS
studies. [40] Consequently, a better understanding of the actual HER mechanism of
disordered MoSx requires a comprehensive structure model. Herein, we report on a
detailed structural analysis of two solvothermally synthesized MoS2+δ samples and
their hydrogen evolution activity compared to MoS2, using di�erent electrochemical
measurements (CV, CP and Tafel analysis), high-resolution transmission electron
microscopy (HRTEM), as well as electron- and X-ray di�raction. HRTEM shows
that the �X-ray amorphous� structure is in fact nanocrystalline and features a pro-
nounced disorder within the individual nanocrystals. The detected �uctuations of
in-plane and out of plane lattice parameters measured by XRD, electron di�raction
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and HRTEM agree very well. These observations serve as the basis for the devel-
opment of a three-dimensional structural model for MoS2+δ, which is qualitatively
consistent with spectroscopic and structural information about MoSx for 2 < x < 4
from literature.

4.2. Results

4.2.1. Electrochemical Characterization of MoS2+δ Electrodes

Electrodes were prepared by immobilizing synthetic MoSx (with x=2.6 and 3.4,
respectively) and commercially available 2H- MoS2 on graphene. Cyclic voltam-
mograms (CVs), Tafel plots and chronopotentiometric measurements (CPs) in a
strongly acidic electrolyte (0.5 M sulfuric acid, pH 0.3) were used as descriptors for
the electrocatalytic performance (Figure 4.1). In cyclic voltammograms, the on-
set potentials for HER at 450 mV were with a value of −190 mV similar for both
synthetic MoSx materials, while MoS2 showed a signi�cantly higher onset potential
(−365 mV) and therefor lower catalytic activity.
Another common descriptor for the HER activity is the overpotenital (eta) needed

to reach current densities of 10 mAcm−2 in the CVs (Table 4.1). MoS2.6 showed
the best performance with an overpotential of η = 235 mV), followed by MoS3.4

with η = 245 mV) and MoS2 with η ≈ 450 mV. This is in agreement with the
literature [23,49], where it is also described that disordered MoSx are far more active
HER catalysts than crystalline MoS2. For all of these values, one has to keep in
mind that the current densities are derived for the geometric area of the electrodes.
However, the di�erence in activity between the prepared samples could also lie in
their di�erent stoichiometric compositions. Assuming a molybdenum-based proton
reduction mechanism as postulated e.g. by Tran et al. [53], defective structures and
molybdenum-rich materials would be in favor of high proton reduction activity.
Indeed, when the detected currents are normalized to the amount of molybdenum
on the electrodes, MoS2.6 and MoS3.4 show nearly identical overpotentials of η = 250
and 255 mV at 10 mAcm−2, while MoS2 is not able to reach this current (see Figure
B.7). Concluding from these results, a high sulfur content seems to be much less
important for the HER catalysis rate than the existence of a disordered structure for
2<x<3.5. In addition, the particle sizes of the synthesized materials di�er with (0.18
± 0.06) µm signi�cantly from the commercial MoS2 with particle sizes of (0.8 ± 0.9)
µm showing a much broader dispersity of the particles (see Figure B.6). Hence, the
prepared MoSx both contain more accessible active sites than MoS2 where the active
sites are believed to be the structural sulfur-rich edges [55]. However, the di�erent
particle sizes and shapes result in an increase of the MoS2+δ surface by a factor of
only about 1.9 compared to MoS2 (see ESI for details). Assuming the same degree of
porosity, this indicates that the higher activity of the MoS2+δ electrodes compared
to the MoS2 electrode cannot be explained by morphology e�ects alone. Tafel slopes
were calculated from chronoamperometric �staircase measurements� (see materials
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Figure 4.1.: Electrochemical measurements for MoS2+δ and MoS2 (immobilized on
graphite) in sulfuric acid (0.5 M, pH 0.3). A: Cyclic voltammetry;
B: Chronopotentiometry at a current density of 3 mAcm−2, the �rst
2 min are cut o�; C: Tafel analysis.

and methods) and values of 100 mVdec−1 for MoS2.6, 90 mVdec−1 for MoS3.4 and
160 mVdec−1 for MoS2 were obtained for the same catalyst loadings. According
to these values, the rate limiting step for MoS2 might be the adsorption of an H
atom (the Volmer reaction, while the results for MoS2.6 and MoS3.4 do not give
clear evidence on the rate limiting step as the values lie between the boundary
values of 40 mVdec−1 for the Heyrovsky reaction (reductive desorption) and the
Volmer reaction (>120 mVdec−1) [38]. All of the measured values for overpotentials
and Tafel slopes of the MoSx studied here cannot compete with the best MoSx
that are known today (Table 4.1), which is hardly surprising given the fact that
both material synthesis and electrode fabrication were not optimized. However -
and most important for the following detailed structural characterization - both
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MoSx samples show very respectable electrocatalytic HER activity while the MoS2

reference does not.

Tafel slope η@ 10 mAcm−2 η@ 10 mAµmmol(Mo)−1

[mV dec−1] [mV] [mV]
MoS2.6 100 235 250
MoS3.4 90 245 255
MoS2 160 450 -
MoS2

[152] 160 - -
MoS2 (step- 59 104 -
edged stacks) [34]

1T MoS2 (porous) [153] 43 153 -
MoS2+x

[23] 40 160 -
MoS3.5

[37] ≈60 ≈200 -

Table 4.1.: Tafel slopes and overpotentials at 10 mAcm−2 of MoS2+δ and MoS2.

The long-term stability of the electrodes was tested in CP measurements (Figure
4.1 B). Herein, both MoSx materials clearly outperformed crystalline molybdenum
disulphide over a period of 7 h. For a set current density of 3 mAcm−2, at the end
of the experiments MoS2.6 and MoS3.4 showed overpotentials of ≈210 mV and ≈195
mV, respectively, in comparison to ≈430 mV for MoS2. In these measurements, both
synthetic MoSx showed extremely stable performances with negligible increases of
the overpotentials. The di�erence in the catalytic activity of MoSx might be due
to some MoS2 particles as the powder di�ractogram shows a sharp peak at (002)
for MoS2.6. Over time, MoS2 showed a slight increase of the HER overpotential,
which might be due to a reduced electric resistivity of the catalyst layer related to
a shrinking thickness and/or structural rearrangements of the surface leading to a
higher amount of active sights.

4.2.2. Electron and X-ray Di�raction Analysis of the MoS2+δ

Structure

For the determination of the structure of MoS2+δ, XRD measurements were carried
out. The powder di�ractograms for the two MoS2+δ samples (MoS2.6 & MoS3.4)
from di�erent batches are given in Figure 4.2. For comparison, a powder XRD
of the crystalline MoS2 sample was measured as well. A Rietveld re�nement of
the MoS2 data was conducted, which yielded results in good agreement with the
structural model of Wildervanck et al. [47] The results are shown in the ESI in Figure
B.2 and Table B.2 and B.3. In contrast to MoS2, the XRD re�exes of MoS2+δ

are strongly broadened. Both samples show a very wide peak at about 8Å which
deviates about 1-2Å from the literature value for MoS2. Besides this di�erence,
the centers of the other re�exes of the MoS2+δ XRD pattern �t the positions of
the MoS2 data (see Table B.1). The main di�erence among the MoS2+δ samples
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Figure 4.2.: Powder XRD di�raction pattern of MoS2 and the nanocrystalline, par-
tially disordered samples MoS2.6 and MoS3.4. The indicated di�raction
maxima are determined by �tting of a gaussian function.

themselves is the sharp double peak of sample MoS2.6, which re�ects the presence of
some larger more MoS2-like grains. This might indicate a convergence of the MoS2+δ

structure towards MoS2 for decreasing S:Mo ratios. The presence of only one sharp
MoS2 re�ex (002) in MoS2.6 can be explained by a preferred orientation of MoS2-like
crystals due to their plate like morphology (see Figure B.6 A).

In addition to the XRD analysis, selected area electron di�raction (SAD) was
carried out. The electron di�raction patterns of the two samples MoS2.6 and MoS3.4

are shown in Figure B.2 and consist of only of rings, while no spots are visible. By
circular integration of the intensities, the pro�les shown in Figure 4.3 were obtained.
Three very broad re�exes are visible in the intensity pro�les of both samples while
the values for MoS2.6 are shifted to slightly lower values. Nevertheless, both are
consistent with the MoS2 structure within the measurement accuracy. A detailed
discussion of the peak positions of MoS2+δ compared to MoS2 can be found in the
supplement (see Table B.4).

The results of the X-ray and electron di�raction experiments indicate that the
structure of the MoS2+δ samples is comparable and compatible with a disordered
MoS2 structure independent of the S:Mo ratio. The shift of the �rst peak of the
MoS2+δ samples compared to the (002) re�ex of MoS2 towards lower angles and the
variation of the peak center re�ects an enlargement and �uctuations of the lattice
parameter in [001] direction.
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Figure 4.3.: Intensity pro�les of the representative electron di�raction patterns of
the two MoS2+δ batches investigated in this study (MoS2.6 in dark
blue & MoS3.4 in light blue). Vertical lines indicate the positions of
di�raction maxima and the marked areas indicate the width of the
re�exes.

4.2.3. HRTEM Analysis of the Microstructure of MoS2+δ

To gain a deeper insight into the structure, HRTEM analysis was performed. During
the HRTEM analysis, no signi�cant changes to the crystal structure was observed
over time at a beam dose rate of 10000 to 64,700 e−(Å

2
s)−2. Thus we �nd that

MoS2+δ is stable under the electron beam which is a requirement for a reliable
HRTEM analysis. The HRTEM images of MoS2+δ reveal a bended and partially
disordered crystal layer stacking. Coherence length of ordered stacking along the
(001) direction is about 5 nm and ordering within the planes is reaching up to 10 nm.
The in-plane ordering can also be observed along [001] zone axis: A HRTEM image
of such a crystal plate is presented in Figure 4.4.
Fast Fourier Transformation (FFT) shows the typical hexagonal symmetry of the

(100) lattice planes of MoS2. The discovery of this ordering with a hexagonal lattice
symmetry of atomic positions within the layers as well as an ordering of the layers
along the (001) direction support our conclusion that MoS2+δ and MoS2 show a close
structural a�nity. The correlation length along (001) is ξc ≈ 5 nm, while from the
in-plane ordering an in-plane correlation length of ξab ≈ 4 nm can be determined.
The reason for the deviation from the prior determined length of MoS2+δ planes
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Figure 4.4.: HRTEM image of sample MoS-2 showing the in-plane ordering. A:
Overview of the edge of a particle; B: zoom in the area marked with
a red square in A; C: FFT of the area shown in B.

of 10 nm is the bending of the crystals planes which disturbs the phase contrast in
the top down view. Such a correlation length in the order of 1-5 nm is also called
medium range order and can be found in nanocrystalline [154] as well as in amorphous
systems [155]. From the XRD measurements, a correlation length of 1.22±0.10 nm can
be calculated with the Scherrer-Formula. It is well known that the Scherrer-Formula
underestimates the grain size for partially disordered nanoparticles, since it measures
the coherence length of the lattice [156].
A more detailed analysis of the HRTEM images for MoS2+δ was carried out using

FFT and its results are exempli�ed in Figure 4.5 C. The lattice distance d(100)

exhibits a general trend of being locally reduced compared to the literature values
of MoS2 (d(100) = 2.7368Å [47]) with an average value of d(100) = (2.69 ± 0.21) Å and
local variations from 2.45Å to 2.79Å (see also Table B.5 in the ESI for a summary).
Within the measurement accuracy and statistics no signi�cant di�erence between
the two S:Mo ratios can be observed. Both samples (MoS2.6 & MoS3.4) show similar
reduction and local variations in the Mo-Mo distance.
A close up of a cross section image of the crystal layers is shown in Figure 4.6

A. The layers are not perfectly �at and parallel which leads to a variation in layer
distances. On average, the lattice stacking distance d(001) of MoS2+δ varies from
11.15Å to 15.93Å. The overview in Table B.5 indicates that d(001) is generally en-
larged when compared to the literature value of MoS2 (d(001) = 12.294Å) [47] for both
S:Mo ratios, which is in good agreement with XRD analysis. Next to dislocations
also disclinations are visible in Figure 4.6 B (see also Figure B.4 B). This is quite
unusual for solid state materials, but e.g. has been observed in fullerene-like variants
of MoS2 by Srolovitz et al. [157].
In order to provide accurate calibration of the HRTEM images, all images were

calibrated by measurements of gold particles. In addition, the crystalline MoS2

sample was also analyzed by HRTEM as shown in Figure B.4. Both average lattice
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Figure 4.5.: HRTEM analysis of nanocrystalline MoS2+δ. A: HRTEM images of
MoS2.6; B: HRTEM images of MoS3.4; C: representative FFT intensity
pro�les. The FFT of MoS2 is taken from Figure B.3 A, and the other
underlying FFTs can be found in Figure B.4; The in-plane lattice
spacing of MoS2 d(100) = 2.737Å (Wildervanck et al. [47]) is indicated.
The region of interest of the FFT plots is marked with a rectangular
in sub�gure A and B with the corresponding color.

parameters d(100) and d(001) are in agreement to the literature values [47] within the
accuracy (see experimental) as well as to our XRD data. In some cases, a recrys-
tallization of amorphous MoSx under the electron beam was observed [158,159]. In
addition Xi et al. [159] report on the transformation of amorphous MoSx after 2 h of
HER to a nanocrystalline material which is stable under the electron beam. The
crystal diameter is comparable to the ones shown in Figure 4.4 and 4.5. However,
they observe a lower degree of stacking of crystal planes compared to Figure 4.6,
indicating a higher degree of order in our system. The transformation of the amor-
phous to nanocrystalline MoSx in Xi et al. [159] was also accompanied by an increase
in hydrogen production indicating that the nanocrystalline phase is the more ac-
tive and stable con�guration. Together with our results this suggests that our two
MoS2+δ samples both represent a thermodynamic stable and active form of MoSx.
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Figure 4.6.: Close up of the HRTEM image from the left side of Figure 4.5 B,
showing the MoS3.4 lattice planes in cross section view. A: Position of
the intensity pro�le with a width of 10 px and, direction marked by ar-
rows. B: Disclinations formed by merging MoSx layers are highlighted
by cyan lines. C: Intensity pro�les indicated in A and exemplary vari-
ations in lattice distance. For the full analysis see Table B.2 and B.5
.

4.3. Structure Model

The combined application of electron and X-ray probes reveal that MoS2+δ exhibits
a nanocrystalline, partially disordered MoS2-like structure with a locally reduced
lattice parameter a and an enlarged mean parameter c, with both showing strong
�uctuations. This follows from the observed hexagonal in-plane symmetry of the
crystallites, the c-axis stacking of planes and the measured �uctuations of the lat-
tice distances revealed by HRTEM as well as di�raction techniques. A suggested
structural model for MoS2+δ consistent with these results is depicted in Figure 4.7.
Table 4.2 compares the measured mean lattice spacing in [001] and [100] directions
as well as their �uctuations with the literature values for MoS2. The results for d100

from TEM are in good agreement with the X-ray di�raction analysis. In addition
to the small grain sizes of a few nm, the strong disorder within the nanocrystals is
consistent with the broad re�exes in XRD and SAD.
In agreement with the stoichiometry of MoS2+δ, the excess sulfur must be present

in the form of unsaturated, terminal, bridging and possibly apical sul�des and disul-
�des, as visible by XPS. [23,39,40,60,61] This modi�cation results in structural changes
relative to the 2H-MoS2 structure. Our model suggests that some parts of the struc-
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Literature [47] HRTEM MoS2+δ XRD
MoS2 Mean Min. Max

d(100) [Å] 2.7368 2.69 ± 0.21 2.45 ± 0.18 2.79 ± 0.03 2.69+0.16
−0.39

d(001) [Å] 12.294 12.9 ± 0.8 11.15 ± 0.19 15.93 ± 0.61 15+10
−4

Table 4.2.: Comparison of the (100) and (001) lattice distances of MoS2+δ found
by TEM and XRD with literature values for MoS2. [47] The XRD un-
certainty is determined by the full width half maximum (FWHM).

ture show similarities to the atomic arrangements found in [Mo2S12]2- and [Mo3S13]2-
clusters. Like MoS2+δ these clusters have also a reduced Mo-Mo distance compared
to MoS2 (see Table 4.3). The disorder in the in-plane lattice distance of MoS2+δ thus
re�ects local sulfur-rich disorder in the form of cluster like structural units which
are incorporated into the MoS2 nanocrystals.

MoS2+δ MoS2 [Mo2S12]2− [Mo3S13]2−

Mean Min Max [47] [22] [22]

dMo−Mo [Å] 3.11± 0.24 2.83± 0.21 3.22± 0.04 3.16 ≈2.8 ≈2.7

Table 4.3.: Mo-Mo distance of MoS2+δ compared with MoS2
[47] and the cluster

anions [Mo2S12]2− and [Mo3S13]2−. [22]

Compared to the [100] direction, the variations in lattice spacings in the [001]
direction are larger and the XRD analysis indicates an overall increased distance
between the MoS2 layers, which are only bound to each other by weak Van der Waals
interactions. The previously described in-plane variations and cluster-like disorder
also can lead to local alternations in out of plane sulfur positions which might a�ect
the Van der Waals bonding distance and thus induce a varying layer spacing. In
particular, the alternation of the layer spacing at the nanocrystallite edges as well
as at the disclinations is very large. In addition, external stress from boundaries to
other neighboring crystals can induce further lattice spacing modulations.
Our suggested model is in qualitative agreement with literature results for disor-

dered MoSx with 2 < x < 4. MoS2+δ is generally highly disordered. The in-plane
structure of the detected nanocrystals partially features a hexagonal symmetry like
MoS2. The local defect structures show similarities to [Mo2S12]2− and [Mo3S13]2−

clusters, which correlates well with the increased sulfur content compared to MoS2.
Hinnemann et al. [55] studied MoS2 nanoparticles with approximately 4 nm in di-

ameter and 1 nm in apparent height on graphite and stated that only the edges
of MoS2 are interesting in the context of HER, as the basal plane of MoS2 is cat-
alytically inactive. Our structure model for MoS2+δ strongly features frayed edges
similar to nanocrystalline MoS2 and due to the high defect concentration, coordi-
natively modi�ed Mo sites these also appear within the basal planes. Consequently
we expect that some of the active sites are similar to the report of Hinnemann et
al. [55]. But in addition, cluster like structures appear within the lattice planes as
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well as at their edges and in the disclinations. These planar structures exhibit a
partial stacking and ordering along the c-axis, also establishing a similarity to the
MoS2 crystal, however, with increased lattice parameters c due to small crystal sizes
as well as disorder in the in-plane structure. Typically, XPS for MoSx with 2 < x <
4 indicates bridging and terminal disul�des as well as unsaturated molybdenum and
sulfur ions. [23,39,40,60,61] The structure observed here featuring disordered nanocrys-
tals with a size of a few nanometers can thus explain a high density of catalytically
active sites which are present at the defective nanocrystal planes as well as at their
edges. This, in consequence, could very well explain the much higher HER activity
of MoS2+δ compared to MoS2.

Figure 4.7.: Schematic illustration of the suggested structure model for MoS2+δ.
The indicated a,-, b- and c-axis represent the unit cell and lattice
parameters of MoS2. A: plane view; B: out of plane view.
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Wu et al. [25] also report a reduced Mo-Mo distance of 2.778Å for their amor-
phous MoSx, which is in good agreement with this work (smallest Mo-Mo distance
(2.83±0.21) Å) and suggest it as a key feature for the higher activity as the elec-
tronic structure gets even more similar to the clusters. In addition, no in�uence
of the sulfur dimer content on the activity was observed by Wu et al. [25]. This
is in good agreement with this work, where the catalytic activity tends to corre-
lates with Mo content. Considering also the high catalytic activity of disordered
nanocrystalline MoSx with x<2 reported by Xi et al. [159] this might indicate the
larger impact of the presence of coordinately modi�ed Mo sites and reduced lattice
parameter rather than the S:Mo ratio. In addition, Ying et al. [153] reports on the
improved catalytic activity by increasing the concentration of sulfur vacancies. This
supports to allocate the active site to the Mo edges. In addition, the structure model
for nanocrystalline, partially disordered MoS2+δ is based on stoichiometry compen-
sating defects that change the Mo coordination and Mo-Mo bonding distance. Thus
both the S:Mo ratio and the processing induced microstructure in�uence the crystal
structure.

4.4. Materials and Methods

All chemicals were purchased commercially and, if not stated otherwise, used with-
out further puri�cation. Deionized water (R = 18.2 MΩ) from an Elga Veolia PURE-
LAB �ex 4 water puri�cation system was used for all experiments. Crystalline MoS2

was purchased from Sigma-Aldrich.

Synthesis of MoS2+δ

Ammonium tetrathiomolybdate (NH4)2[MoS4] was prepared following a literature
procedure by McDonald et al. [160]. The very high purity of the (NH4)2[MoS4] was
con�rmed by mass and Raman spectroscopy as well as XRD. To obtain amorphous
molybdenum sul�de, a slightly modi�ed method from the route of Li et al [51] was
used: (NH4)2[MoS4] (100 mg) was dissolved in water and hydrazine (N2H4·H2O,
0.3 mL) was added. The mixture was transferred into a steal autoclave with a
Te�on inlet (45 mL), heated up to 200◦C for 12 h and then allowed to cool down to
room temperature. The reaction mixture was centrifuged (10 min @ 75,000 rpm),
washed with THF (3 x 25 mL) as well as water (2 x 30 mL) and freeze-dried. As
comparably high amounts of MoSx were required for the XRD and TEM analyses,
two batches of the product (MoS2.6 and MoS3.4) were synthesized due to the rather
small volume of the available steel autoclave. Both MoSx batches were obtained as
black powders in a yield of ≈60 mg each.

Stoichiometry Determination

An Analytik Jena novAA 350 �ame atomic absorption spectrometer (F-AAS) (An-
alytik Jena, Jena, Germany) was used in order to determine S:Mo ratios. The
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calibration was performed using an ammonium heptamolybdate solution diluted by
0.03% v/v aqua regia. Prior to analysis, the samples (5 mg) were completely dis-
solved in aqua regia (5 ml) to oxidize molybdenum to Mo(VI). This solution was
diluted to 200 ml and used without further dilution. The measurements were con-
ducted �ve times for each sample and the mean value taken. The S:Mo ratios 2.6 ±
0.13 and 3.4 ± 0.17 were calculated from the initial sample weight and the F-AAS
results presuming the absence of any other elements than molybdenum and sulfur.
Another reason for the divergent composition could lie in the synthesis process. The
addition of the reductant hydrazine is not performed in a controlled manner; neither
is the solution stirred during the synthesis. This and the fact that the reaction mix-
ture possibly contains high amounts of di�erent sulfur species like sul�des, disul�des
as well as hydrazine, ammonia and water in variable proportions could explain the
di�ering S:Mo ratios.
X-ray �uorescence (XRF) (M4 Tornado from Bruker Corporation, Billerica, Mas-

sachusetts, USA)) measurements calibrated with MoS2 resulted in a similar S:Mo
ratio of about 3. However, due to a strong peak overlap between molybdenum
and sulfur, the resulting S:Mo ratio uncertainties are quite high when using XRF,
energy-dispersive X-ray spectroscopy (EDS) (INCA detector from Oxford Instru-
ments, Abingdon, England) or wavelength-dispersive X-ray spectroscopy (WDS)
(JXA-8900 RL from JEOL, Akishima, Tokyo, Japan) which makes AAS the most
reliable method in this case.

Electrochemistry

For the electrochemical measurements a PRINCETON Applied Research Versa Stat
4 potentiostat (AMETEK Princeton Applied Research, Oak Ridge, TN, USA) was
used. All measurements were performed in a three-electrodes setup using MoS2

resp. MoS2+δ on graphite sheets as working electrodes (WE), platinum as counter
electrode (CE) in a speparate compartment with a glass frit and an Ag/AgCl elec-
trode as counter electrode (3 M KCl, RE). Sulfuric acid (0.5 M, pH 0.3) served as
electrolyte.
Cyclic voltammograms (CV) were recorded in a range of 0.1-(-0.5) VRHE with

a sweep rate of 20 mVs−1. Tafel slopes were determined from the sixth cycle (�rst
half) of the CV. All electrochemical measurements were iR-corrected at 85%.

Electrode Preparation

To eliminate impurities from the graphite sheet, the blank electrodes were cleaned
with water, isopropanol and ethanol. The electrodes were prepared following pro-
cedures published by Cui et al. [161] 3 mg of the catalyst and 6 L of Na�on solution
(5 wt %) were dispersed in 0.6 mL water/ethanol (49:50, v:v) and treated with ul-
trasound for 30 min 48µL of the ink was dropcasted onto an area of 1 cm x 1 cm of
graphite sheet and dried under air at 60◦C for 1 h (catalyst loading ≈0.24 mgcm−2).
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XRD Analysis

For the powder di�raction measurements a Philips PW 1720 (Philips Analytical
Technology GmbH) with a copper anode (λ = 1.541Å) and a 5 x 0.1 mm line focus
was used. The sample was placed in a pan made of brass. For data collection frames
were measured for the duration of 10 s per step in 0.02◦intervals of 2Θ among 5◦and
91◦. The data were collected with by using a graphite secondary monochromator
and a proportional counter.

TEM Lamella Preparation and TEM Analysis

For the TEM analysis 5 mg of powder (MoS2+δ /MoS2) were dissolved in 1 ml of THF
and then a 30 min long ultra-sonic treatment applied. One drop of this solution was
then put on a carbon TEM Grid. The electron di�raction TEM investigations were
performed with a Phillips CM12 (Philips Electron Optics GmbH) at 120 kV. For the
high resolution TEM analysis a FEI Titan (FEI, Hillsboro, Oregon, USA) aberration
corrected electron microscope with 300 keV was employed. For this microscope the
information limit in high vacuum is about 0.08 nm.

Accuracy of Lattice Spacing Measurement in TEM

The TEM was calibrated using a gold reference sample to get a reliable accuracy.
The dependence of the precision ∆d/d on defocus induced changes of di�useness
of the FFT re�ections is much smaller than the e�ect of a small di�raction vector
length. [162] For each magni�cation, area of the FFT and measured d value, the pre-
cision ∆d/d is calculated as a function of di�raction vector length and presented in
table B.5. For the average values in table 4.2, the weighted average of each lattice
spacing dhkl is calculated from individual measurements, taking into account the
error of the individual values. The total error is the statistical deviation from the
weighted average plus the highest systematic error of the single measurements. The
TEM calibration was veri�ed by using MoS2 nanoparticles. The resulting values
for MoS2 are d(100)=(2.80±0.06) Å and d(001)=(12.8±0.7) Å. They are match-
ing our XRD data and deviate from the literature values of d(100)=2.737Å and
d(001)=12.294Å obtained by x-ray di�raction in Wildervanck et al. [47] by δ(100)=2.3%
and δ(001)=4.2%. Within error, the determined MoS2 lattice parameters are in agree-
ment to these XRD results. Based on the calibration, the measurement of the locally
reduced d(100) value of MoS2+δ in this work is signi�cant.
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4.5. Summary

MoS2+δ was prepared by solvothermal synthesis, immobilized on electrodes and
electrochemically analyzed by cyclic voltammetry and chronopotentiometry. A
comparison with MoS2 con�rmed the much higher activity of MoS2+δ. Hence the
analyzed samples show the typical characteristics of MoS2+δ which are reported in
literature. [22,23,39,60] However, by means of HRTEM, XRD and electron di�raction,
the structure of MoS2+δ is assigned to a highly disordered variant of MoS2 with
very small nanocrystal size and cluster like local defects. The in-plane lattice
parameter shows strong local variations and is reduced locally, whereas c-axis is
increased in average. Due to the nanocrystalline structure, a high concentration of
edges with changed Mo coordination and Mo-Mo distance is present. Furthermore,
our HRTEM observations suggest that disorder within the MoS2 planes represent
[Mo3S13]2− cluster like defects. Such structural features are also involved in the
formation of disclinations. Altogether, this increases the ratio of coordinatively
modi�ed Mo and is in accordance to the scaling of electrochemical activity with
Mo. Our results imply that S:Mo ratios > 2 are mainly important for the HER
activity due to the processing induced nano- and defect structure.
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and MoS3.4 powder, Figure S7: Cyclic voltammetry of the two MoSx samples
and MoS2, Table S1: Comparison of dhkl from XRD and SAD from Figures 2
and 3 for MoS2+δ with MoS2, Table S2: Goodness parameters and correction
factor for the texture, Table S3: Re�ned lattice parameters and atom positions of
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Abstract

Investigating the interfaces between
electrolytes and electrocatalysts dur-
ing electrochemical water oxidation
is of tremendous importance for an
understanding of the factors in�u-
encing catalytic activity and sta-
bility. Here, the interaction of
a well-established, nanocrystalline
and mesoporous Ca-birnessite cat-
alyst material (initial composition
K0.2Ca0.21MnO2.21·1.4 H2O, initial Mn-Oxidation state ∼ +3.8) with an aqueous
potassium phosphate bu�er electrolyte at pH 7 was studied by using various elec-
tron microscopy and spectroscopy techniques. In comparison to electrolyte solutions
not containing phosphate, Ca-birnessite electrodes show especially high and stable
oxygen evolution activity in phosphate bu�er. During electrolysis, partial ion sub-
stitutions of Ca2+ by K+ and OH− / O2− by HnPO

(3−n)−
4 were observed, leading to

the formation of a stable, partially disordered Ca-K-Mn-HnPO4-H2O layer on the
outer and the pore surfaces of the electrocatalyst. In this surface layer, Mn(III) ions
are stabilized, which are often assumed to be of key importance for oxygen evolution
catalysis. Further-more, evidence for the formation of [Ca/PO4/H2O]-complexes lo-
cated between the [MnO6] layers of the birnessite was found using Ca 2p and Ca
L-edge the soft X-ray synchrotron-based spectroscopy. A possible way to interpret
the obviously very favorable, �special relationship� between (hydrogen)phosphates
and Ca-birnessites in electrocatalytic water oxidation would be that HnPO

(3−n)−
4 an-

ions are incorporated into the catalyst material where they act as stabilizing units
for Mn3+ centers and also as �internal bases� for the protons released during the
reaction.

5.1. Introduction

One major bottleneck for the production of hydrogen by electrochemical water split-
ting is the sluggish kinetics of the oxygen evolution reaction (OER). [163,164] Here,
the rational design of better electrocatalysts requires a better understanding of the
mechanisms controlling OER activity and stability.
Inspired by the oxygen-evolving complex (OEC) of photosystem II - a Mn4CaO5

cluster which constitutes the OER active site in biological photosynthesis - a large
variety of manganese oxide (MnOx) catalysts has been studied as potential synthetic
OER catalyst materials. [26,73,75�79,165,166] Beside some crystalline binary or ternary
manganese oxides, disordered MnOx materials with a low degree of long-range order
often show a high intrinsic catalytic activity. [18,26,74,84,86,167�170] For some crystalline
systems, the formation of catalytically much more active nanocrystals or disordered
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surface layers during the OER process has been observed. [75,76,171�173]

Among the di�erent less-ordered manganese oxides, birnessites have been identi-
�ed as especially promising OER catalysts show-ing both high activity and stabil-
ity. [80,84,168] The birnessite structure is built up from edge-sharing [MnO6]-octahedra
forming extended layers. The stacking of the layers in c-direction depends on the
amount of incorporated water and the type of additional cations and typically re-
sults in an interlayer distance of is about 7Å. [84,168,174] Many di�erent cations can be
present in birnessite-type materials (s-block metal cations are most common) and
these lead to di�erent degrees of crystalline order as well as di�erent ion exchange
properties in contact with aqueous solutions. [175,176]

Previous studies have shown that the OER activity of birnessites is in�uenced by
various parameter such as their crystallinity, type and concentration of additional
cations and synthesis parameters (especially sintering temperatures). For cation
incorporation into the birnessite structure, an upper concentration limit is usually
ob-served, which is e.g. Ca : Mn ∼ 0.6 for Ca2+. [17]

In previous investigations on birnessite-catalyzed OER by some of us, a synthetic
birnessite with an approximate composition of K0.20Ca0.21MnO2.21·1.4 H2O emerged
as especially active catalyst material in both chemical (Ce4+ oxidation) and elec-
trochemical OER screenings. [17,80] When immobilized onto FTO substrates, stable
current densities of ∼ 1 mA · cm−2 could be reached in neutral, phosphate bu�ered
electrolytes at overpotentials of η ∼ 500 mV. [89]

Detailed X-ray di�raction and X-ray absorption spectroscopy investigations of
this and closely related synthetic Ca-birnessites indicated little long-range, in-plane
order and also irregular stackings of the [MnO6]-layers. [84,86,168] N2 sorption exper-
iments revealed a mesoporous structure with quite high surface areas of SBET ∼
50-250 m2 · g−1 (mainly depending on the reaction temperatures used during post-
synthetic sintering) and average Mn oxidation states were found to be in the range
between +3.3 and +4.0. [17,84,86,168] The latter observation indicates, that the Mn
valence state within the birnessite structure can be reversibly changed - a mate-
rial property which might be of general, crucial importance for OER catalysis by
transition metal oxides. [20,26,86,177�180]

Additionally, manganese oxides with oxidation states close to +3.0 exhibit labile
Mn-O bonds due to the typical Jahn-Teller distortions of the octahedral coordi-
nation spheres of Mn3+ cations (hs-d4), which might promote OER catalysis. [73]

Indeed, oxides rich in Mn3+ often show much higher OER activities than Mn(IV)
materials. [18] On the other hand, the higher charge of Mn4+ seems to inhibit the de-
composition of Mn(IV) compounds, as e.g. exempli�ed by the OEC of photosystem
II. [180]

Concerning MnOx corrosion in aqueous media, the Pourbaix diagram for Mn
suggests dissolution via solvation of Mn2+ for acidic pH, whereas dissolution of Mn
via the formation of permanganate MnO−4 at high anodic potentials is expected for
neutral to alkaline pH. [90] Both corrosion routes would result in Mn depleted surface
layers, and these have indeed been found experimentally. [83] On the other hand,
such corrosion processes might be compensated by repair steps, as e.g. found by
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Najafpour et al. for reactions of a K0.25-birnessite with Ce4+. Here, the corrosion
products MnO−4 and Mn2+ were found to react back to a stable, layered (K,Ce)MnOx

compound, which catalyzed the OER for 15 days without degradation or leaching of
manganese. [83,181] Finally, it has been proposed that redox inert ions like Ca2+ can
stabilize MnOx and / or facilitate the formation of modi�ed and open structures for
water oxidation. [181,182]

Overall the literature data discussed so far hints at a general importance of ad-
ditional cations for the OER performances of birnes-sites, not only by in�uencing
the Mn valence state but also by increasing the stability of these MnOx-based (elec-
tro)catalysts. Consequently, the composition of the electrolyte should be carefully
chosen in order to control possible cation exchange processes.
In this study, Ca-birnessite coated electrodes were prepared by screen printing

the previously mentioned, optimized OER catalyst material K0.20Ca0.21MnO2.21·1.4
H2O on �uorine-doped tin oxide (FTO) as conductive support material following
an established and already optimized method. [89] In order to study the in�uence of
ion exchange reactions on the electrochemical OER activity and stability as well
as the material's microstructure, the Ca-birnessite anodes were operated in three
di�erent, near neutral aqueous electrolyte solutions: a potassium phosphate bu�er
(pH 7), solutions of imidazolium sulphate (pH 7.4) and potassium sulphate (pH 7).
Structural analyses of the electrodes' surfaces and bulk material were performed
using transmission and scanning electron micros-copy (TEM/SEM). To gain further
insights into the interaction of the electrolyte with the MnOx catalyst, we investi-
gated the chemical compositions, Mn valence states and coordination environments
by electron energy-loss spectroscopy (EELS) element mapping, energy-dispersive X-
ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS) and near edge
X-ray absorption �ne structure (NEXAFS) at the Ca and Mn L-edges. The results
hint at a special, favorable interaction between birnes-sites and phosphate-containing
electrolytes, explaining why phos-phate bu�ers might be the medium of choice for
birnessite-catalyzed OER at near-neutral pH.

5.2. Experimental Section

Please consult previous publications and the supplementary in-formation for details
of the synthesis of the Ca-birnessite catalyst material, the preparation of MnOx-
coated electrodes by screen-printing, the exact compositions of the electrolytes as
well as the electrochemical measurements. [80,89]
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SEM, EDX and cross-section imaging. SEM analysis was carried out with
a Nova NanoSem 650 in-situ SEM from FEI. A �through the lens� (TTL) detector
was used to take images at an acceleration voltage of 10 kV. For energy-dispersive
X-ray spectroscopy (EDX), an Oxford Instruments X-Max detector was employed.
The quanti�cation of the Ca/Mn and P/Mn ratios was performed with line-scans
of a minimum of 10 points and 100 s of acquisition time per point over a range of
∼ 60µm. The EDX acceleration voltage was 20 kV. Cross-section samples used for
SEM imaging were cut using a Nova Nanolab 600 focused ion beam (FIB) system
from FEI (ion acceleration voltage 30 kV). For the pristine sample, a protective
layer of platinum was �rst deposited via electron beam induced deposition, followed
by a thicker Pt layer fabricated by ion beam induced deposition. After rough cuts
with 3 nA currents, cleaning cuts of the cross sections with 0.3 nA were carried out.
The images of the cross sections were taken at an acceleration voltage of 5 kV and
an angle of 52◦using the TTL detector.

TEM lamellae preparation and (S)TEM analysis. Electron-transparent
cross-section lamellae of ∼ 4µm thick electrodes before and after electrolysis
were prepared by means of the FIB system described above. In order to avoid
an overlap of the P and Pt signals, no protective Pt layer was applied in this
case. For the 200 nm thin electrodes, the lamellas were prepared by conventional
cutting, dragging and ion milling using a Gatan Model 691 precision ion polishing
system (PIPS). The TEM investigations including imaging, electron energy loss
spectroscopy (EELS) and EDX-measurements were performed using an aberra-
tion corrected FEI Titan electron microscope with 300 keV electrons. For this
microscope, the information limit in high vacuum is about 0.08 nm. High angle
annular dark �eld (HAADF) imaging was performed in scanning transmission
electron microscopy mode (STEM). The STEM capability combined with EELS
gives access to the local chemical composition with a spatial resolution of ∼ 0.2 nm
and an energy resolution of ∼ 1.3 eV. The following energy edges were used for
the EELS-Mapping: Ca - L-edge, Mn - L-edge, O - K-edge, P - K-edge. The
TEM EDX analyses were carried out with an Oxford Instruments X-Max detec-
tor and electron di�raction pat-terns were collected with a Phillips CM12 at 120 kV.

X-ray spectroscopy.Near-ambient pressure X-ray photoelectron spectroscopy
(NAP-XPS) measurements were carried out using a setup located at the Innovative
Station for In Situ Spectroscopy (ISISS) beamline at the BESSY II synchrotron
of the Helmholtz-Zentrum Berlin. [183] For the as-prepared oxide, ∼ 20 mg of Ca-
birnessite powder was pressed into a pellet (∅ ∼ 2 mm) by applying a force of 1
ton for 1 min. Ca-birnessite-coated FTO slides were directly used for measurements
as prepared or after electrochemical operation. In each case, the samples were
mounted on a sapphire sample holder and positioned ∼ 1 mm in front of the �rst
aperture of the di�erentially pumped electrostatic lens system. Measurements were
conducted using an incident X-ray beam spot of roughly 100 x 300µm at a pressure of
10−4mbar. A pass energy of 20 eV was used for XPS measurements and the inelastic
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mean free path (IMFP) of the photoelectrons was calculated using the model of
Tanuma et al. [184]. The binding energies of measured XPS spectra were calibrated
using an O 1s second order peak with a theoretical photon energy of 730 eV. The
X-ray photoelectron spectra were recorded at di�erent excitation energies in order
to obtain IMFPs of 0.7 nm (for Ek = 200 eV) or 1.7 nm (Ek = 830 eV), respectively.
The deconvolution of the XP spectra was performed using the software CasaXPS
after subtraction of the Shirley background.
To perform NEXAFS measurements, the photon energy was scanned while the

total electron (TEY) and Auger electron (AEY) yields were counted. Ca L-edges
spectra were recorded for photon energies between 342 and 362 eV, while the pho-
ton energy was scanned between 625 and 660 eV to cover the Mn L3- and L2-edges.
For clarity, only the data for the Mn L3-edge is presented. To assess possible beam
damage, which is a well-known problem for NEXAFS of manganese oxides, [185] sta-
bility tests were performed. Figure 5.6 presents three Mn L-edge scans recorded
successively on the same spot of three studied samples. The deviations between
subsequent scans indicate that Mn ions in the samples are reduced by the beam,
but also that the observed spectral changes are small enough so that a meaningful
analysis of the spectra is well possible.

5.3. Results and Discussion

5.3.1. Electrochemistry

The number of possible electrolytes for OER experiments is generally limited as
it is of particular importance in OER electrocatalysis that the electrolyte species
are themselves redox-inert at strongly oxidizing conditions in water. Among others,
the study presented here tries to provide answers to the following two questions
concerning OER electrocatalysis by MnOx in near-neutral conditions: 1) why is
the use of a bu�ering electrolyte generally bene�cial and 2) why are phosphate
containing media apparently especially well-suited? [26] Given the general constraint
of redox-inertness presented above, we chose the following three electrolytes in order
to be able to address these questions experimentally: 1) potassium (di)hydrogen
phosphate as a typical phosphate-bu�ered electrolyte; 2) imidazolium sulfate as a
bu�ering, but phosphate-free medium and 3) potassium sulfate as a solution which
is both phosphate-free and not possessing any bu�er qualities at pH = 7.
In Figure 5.1, chronoamperometry traces for the three di�erent electrolyte systems

are presented. In each case, identically prepared Ca-birnessite / FTO - anodes were
immersed in the respective media and an overpotential of η ∼ 500 mV was applied
for a time of 1 h, while the OER current density was recorded. For details concerning
these measurements, please consult ref. [17].
Interestingly, we �nd very di�erent j vs. t- traces for the three investigated so-

lutions, despite their virtually identical pH-values and the fact that the applied
oxidation potentials were iR-compensated to correct for conductivity di�erences. In
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Figure 5.1.: Chronoamperometry of Ca-birnessite/FTO electrodes at 1.71 V vs.
RHE (η = 490 mV) in three di�erent, near neutral electrolytes (all
70 mM): phosphate bu�er (pH 7, blue trace), imidazolium sulfate
bu�er (pH 7.4, green trace) and potassium sulfate solution (pH 7, red
trace). CV can be found in Figure C.1.

all three cases we �nd that current densities are signi�cantly higher for the �rst
∼ 2 min of the experiment, but already here the j observed during the very �rst
phase for phosphate (∼ 2.7 mA · cm−2) is about 50% higher than the value for imi-
dazolium (∼ 1.8 mA · cm−2), while the current for potassium sulfate is very low (∼
0.2 mA · cm−2). As already observed in other studies, we again �nd the current den-
sity in phosphate reaches a rather stable value after ∼ 1 h of operation (here with
a current of ∼ 2.5 mA · cm−2). [17] The higher currents found during the �rst phase
of OER electrocatalysis were previously explained by Mn-centered oxidation events
occurring �on top� of the OER current, an explanation e.g. supported by XAS data
for the Mn K-edge where a Mn oxidation from an average state of ∼ +3.3 to ∼ +3.7
was detected for the Ca-birnessite under electrocatalytic conditions. [89]

For imidazolium, such a steady-state is reached after ∼ 1 h as well, but here the
decrease in current over the �rst phase is dramatic, leaving a remaining current
density of only ∼ 0.5 mA · cm−2 after 1 h - and thus less than a third of the start-
ing value. This low current density is the same as observed for the non-bu�ering
potassium sulfate electrolyte during the entire chronoamperometry experiment.
The OER electrocatalysis traces shown in Figure 5.1 thus clearly demonstrate

that 1) a bu�ering electrolyte solution seems to be generally necessary if signi�-
cant OER currents are to be reached over signi�cant electrolysis times (phosphate
/ imidazolium bu�ers vs. potassium sulfate) and that 2) a phosphate bu�er is ap-
parently an exceptionally good choice for OER electrocatalysis by MnOx at pH 7,
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as the also bu�ering, but phosphate-free imidazolium system both fails to reach the
initial current densities found for phosphate by far and also lacks long-term stability.
Next, we were of course eager to identify possible reasons for the profound dif-

ferences in the electrolysis experiments. For this, we �rst turned to electron mi-
croscopy and X-ray spectroscopy in order to identify di�erences in morphology and
/ or elemental composition of the catalytic Ca-birnessite layer after continuous elec-
trocatalysis in the three di�erent solutions.

5.3.2. Investigations of morphology changes and
ion-exchange processes of the catalyst layer by SEM,
TEM and EDX

Four di�erent types of samples were investigated by electron microscopy: 1) reference
samples of pristine Ca-birnessite electrodes; 2) electrodes after use as water oxidation
anodes for di�erent electrolysis times in 70 mM phosphate or 3) 70 mM imidazolium
sulfate bu�er and 4) samples which had been immersed in a 70 mM phosphate bu�er
without applying an electrochemical potential. To facilitate the electron microscopy
measurements, we prepared Ca-birnessite electrodes with a reduced catalyst layer
thickness of ∼ 0.2µm for some of the measurements.
The scanning electron microscopy (SEM) images of Figures 5.2 A-D show repre-

sentative parts of the surface as well as cross-sections of the electrode layer. Clearly
visible are agglomerations of particles with a size of a few hundred nanometers form-
ing a rough surface structure. In addition, there are surface cracks which are most
likely a result of gaseous H2O and CO2 (the latter from carbon-oxidations, see XPS
section below) leaving the electrode during the annealing procedure. These obser-
vations con�rm that the already known mesoporosity and large surface area of the
Ca-birnessite powder27 are not greatly a�ected by the fabrication process. The pore
morphology is e.g. well illustrated by the SEM cross-sections, where small pores of
diameters between 10 and 300 nm as well as large crack-like openings with a width
of several micrometers are visible (Fig. 5.2 C and 5.2 D), supporting a previous
characterization of the Ca-birnessite as a mesoporous material with a large surface
area. [80]

High-resolution transmission electron microscopy (HRTEM) im-ages show the
presence of nanocrystals for both the freshly pre-pared electrodes and also the elec-
trodes after electrolysis for which a birnessite phase could be assigned by the analysis
of the electron di�raction data (see ESI, Figs. C.2 and C.3).
Post-operando measurements using electron di�raction, XRD and SEM show that

neither 9 h of electrochemical water-oxidation electrolysis nor extended immersion
of the electrode into a phosphate-containing electrolyte lead to signi�cant changes
of the Ca-birnessite layer, therefore con�rming previous Raman and XAS results
that the birnessite oxide phase and the overall morphology of the catalyst layer is
retained during OER.28 An important exception to this is the morphology of the
electrode surface, where a thin new surface layer is formed during electrolysis which
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Figure 5.2.: SEM images of Ca-birnessite electrodes. Top views of (A) a pristine
electrode; (B) an electrode after 9 h of electrolysis in 0.07 M phosphate
bu�er (pH 7, η = 530 mV); cross-sections of a pristine sample with
a protective layer of platinum (C) and a sample after electrolysis (D)
without protection layer; (E) EDX-SEM measurements of changes of
the Ca/Mn and P/Mn ratios over time for electrodes subjected to
electrolysis in phosphate bu�er (red data points) in comparison to
samples immersed in phosphate bu�er without applying an electro-
chemical potential (black data points).

is visible in the TEM images (Fig. 5.3 and ESI, Fig. C.2).
Despite the apparently unchanged MnOx-structure, SEM-EDX indicates that the

electrocatalytic process induced signi�cant changes of the average elemental compo-
sition for the entire volume of the oxide layer. The calcium concentration decreased
markedly, especially during the �rst 2 h of electrolysis from an initial Ca : Mn ratio
of 0.24 : 1 to ∼ 0.14 : 1 (Fig. 5.2 E). This value seems to represent a new equilib-
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Figure 5.3.: HAADF STEM image (left) and EELS element mapping (right) of
a 200 nm thick birnessite layer used during 12 h for electrolysis. The
FTO substrate is on the far left, the exposed anode surface on the far
right part of the images.

rium concentration as it then remains constant after ∼ 6 h for the following hours of
the electrolysis. In contrast, the Ca : Mn ratio of samples which are just immersed
in phosphate bu�er does not change signi�cantly within the error margin of the
detection method. From this we conclude that calcium is not simply dissolved out
of the material but rather actively exchanged during the electro-catalytic process.

Given the importance of the electrolyte composition to reach high catalytic current
densities (see Fig. 5.1), a closer look at the distribution of the elements within the
material is required. Thus, high-angle annular dark �eld (HAADF) STEM images
and EELS map-pings of a 200 nm thick electrode after 12 h of electrolysis at η =
530 mV were recorded (Fig. 5.3). EELS con�rmed the formation of a ∼ 25 nm thick,
phosphorous-rich surface layer (far right part of the images in Fig. 5.3). This surface
layer also contains manganese, oxygen and (very little) calcium. Based on the EELS
mapping, we however cannot make a statement about the presence of phospho-rous
in the entire volume of the catalyst layer, because the phosphorous K edge at 2146 eV
is too weak to detect phosphorous concentrations below ∼ 5 atom%. On the other
hand, we were able to detect P in the entire birnessite-layer using TEM-EDX, as
EDX is much more sensitive for P but unfortunately does not o�er space resolution.
For a sample with a thickness of ∼ 4µm that had been operated as OER anode for
9 h, the average P : Mn ratio for bulk birnessite was determined by TEM-EDX as
∼ 0.15 : 1 (Fig. 5.4) and thus as very similar to the ratio reported above as the
�nal state of the exchange equilibrium after 9 h of operation (Fig. 5.2 E). However,
despite of the good agreement of the average values, the �uctuations of the local P
: Mn ratios are in the order of ∼ 65%. As can be seen in Figure 5.4 A, there is a
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Figure 5.4.: (A) EDX element mapping for a ∼ 4µm thick birnessite electrode
after 9 h of electrolysis (η = 530 mV). left: HAADF STEM image
of the mesoporous oxide structure; right: EDX map of phosphorus
for the same part of the oxide layer (EDX sum-spectra in Fig. C.4
A). The color levels of the phosphorus map were adjusted for better
visibility; (B) EDX line scan from a pore surface into a nanocrystalline
dense area of the same lamella as shown in B. Foreground: EDX line
scan of the P : Mn ratio; Background: (HAADF) STEM image of the
area of the line scan. The dashed line shows the location of the scan.

correlation between the phosphorous signal in the EDX map and the contrast of the
STEM-image (which is a measure of the local lamella thickness).
Altogether, the element mapping data o�ers strong evidence for the presence of

phosphorous in the entire birnessite volume. The detected variations of the phospho-
rous concentration can partially be explained by variations of the sample thickness,
but also re�ect real �uctuations within the nanocrystalline material. A further ex-
planation can be found by a closer look at Figure 5.4 B. Here, an EDX line scan
over a distance of only 100 nm indicates a much higher P : Mn ratio close to the
surface of an inner pore of the birnessite �lm in comparison to the denser bulk of
the material. This observation might also represent an early stage of the formation
of a phosphorous-rich surface layer similar to the feature at the outer electrode sur-
face shown in Figure 5.3. Additional EDX line scans at high spatial resolution were
recorded and these are also in agreement with the general conclusion that phospho-
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rous is mainly located on the surfaces of the birnessite nanocrystals (see ESI, Fig.
C.5).

Figure 5.5.: Comparison of 200 nm thick birnessite electrodes after 12 h of electrol-
ysis in 70 mM phosphate bu�er (left column) and imidazolium sulfate
(right column). (A-B): EDX line scans taken at cross sections of the
electrode surface, where the surface position is set to 0 nm, the dotted
line indicates the noise level of the EDX measure-ment; (C-D): cor-
responding EDX spectra taken at di�erent positions, the horizontal
line represents the 3σ level of the noise; (E-F): HAADF image of the
position of the line scans.

In order to investigate whether the anion-exchange-processes during electrolysis
are unique for the P / Mn couple, we compared the observations for the phosphate
bu�er to the bu�ering, but phosphate free imidazolium electrolyte. Here, the ion
exchange processes were analyzed by transmission electron microscopy for 200 nm
thick Ca-birnessite layers after 12 h of electrolysis. In Figures 5.5 A, C and E, EDX
line scans of the electrode after an electrolysis in the phosphate bu�er are shown.
Similar to Figure 5.4, a signi�cantly higher P : Mn ratio can be observed. Despite the
overlap o� the Pt and P peaks in den EDX spectra, the data indicates a signi�cant
P concentration in the subsurface region down to 10 nm. In contrast, Figures 5.5 B,
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D and F show the same dataset for a sample after electrolysis in the imidazolium
sulfate electrolyte. Interestingly, here the sulfur signals (which would indicate sulfate
binding) are barely above the noise level. We conclude that, unlike for phosphate, no
sulfate containing surface layer is apparently formed during OER electrocatalysis in
the imidazolium sulfate electrolyte. This interpretation is also supported by SEM-
EDX measurements for a 4µm thick sample after 9 h of electrolysis in imidazolium
sulfate, where no sulfur signal was detected (see ESI, Fig. C.4 B). For the Ca / Mn
ratio, a value of 0.11 ± 0.06 could be calculated from the SEM-EDX data, indicating
partial removal of calcium from the material to a very similar degree as found before
for phosphate.
In summary, the presented electron microscopy results con�rm that the meso-

porous calcium-manganese oxide used here as electrocatalyst retains its nanocrys-
talline, birnessite-like structure during the electrolysis process, even as at least one
third of the initially present Ca2+ ions are lost and / or replaced during electro-
catalysis. For the phosphate bu�ered electrolyte, P enters the entire volume of the
birnessite material. In addition, a P-rich oxide layer with a thickness of 15 - 20 nm
forms at the outer surface of the electrode. After extended electrolysis, phosphorous
can �nally be found all over the sample, but its distribution appears to be inho-
mogeneous as the inner surfaces of the pores and the surfaces of the nanocrystals
show much higher P-concentrations than the dense, nanocrystalline parts of the Ca-
birnessite. The observed high and stable catalytic activity might thus be correlated
to the formation of a P-containing, calcium-manganese oxide surface layer acting as
�true� OER electrocatalyst.

5.3.3. Ca-Birnessite/electrolyte interactions probed by XPS
and NEXAFS

The results from the previous sections indicate that di�erent ion exchange processes
take place when the Ca-birnessite material is used as OER electrocatalyst in phos-
phate bu�er: Ca ions are partially exchanged and phosphate ions enter the material.
In contrast, no sulfur incorporation was detectable after electrolysis in imidazolium
sulfate. These di�erent ion interactions, the accompanying changes of the Mn oxi-
dation states and the role of calcium were now studied in more detail using X-ray
spectroscopy methods.
X-ray photoelectron spectroscopy (XPS) and near edge X-ray absorption �ne

structure spectroscopy (NEXAFS) were performed with the aim to gain insights
into both the elemental composition and the chemical bonding situation. Such
measurements typically probe the material close to the electrode surface (the pene-
tration depth of a few nanometers) and thus have to be seen as complimentary e.g.
to the previously carried out XAS measurements at the Mn K-edge,30 as well as
the EDX and SEM experiments described above, all of which provide information
about the entire µm-thick oxide layer. Similar to the previous section, XPS and
NEXAFS spectra were recorded for four di�erent types of samples: 1) the synthetic
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Ca-birnessite powder, 2) pristine Ca-birnessite electrodes, 3) electrodes after 16 h of
operation at +1.77 V vs. RHE (η = 540 mV) in 70 mM phosphate bu�er and for
comparison 4) in 70 mM imidazolium sulfate bu�er.

Figure 5.6.: X-ray photoelectron survey spectra (XPS, h·ν = 1486.7 eV) of di�erent
Ca-birnessite samples. red: synthetic Ca-birnessite powder, green:
screen printed, 10µm thick Ca-birnessite layer on FTO substrate after
annealing at 450◦C and blue: XPS of an electrode after 16 h of OER
electrocatalysis in 0.1 M phosphate bu�er (η = 540 mV).

XPS survey spectra for samples 1 to 3 between 0 and 1200 eV are shown in Figure
5.6. As expected for a calcium containing manganese oxide, the most intense signals
in all spectra are observed for the O 1s and the Mn 2p electrons and calcium lines
can also be found in all cases. The presence of weak tin signals from the underlying
FTO substrate con�rms the already detected cracks and/or the porosity of the
catalyst layers, which allows some photons to reach the underlying SnO2:F support
material. In addition, freshly prepared electrodes contain a signi�cant amount of
carbon, which must originate from the binder substances used during the printing
process as carbon is not visible in the spectrum of the synthetic oxide on its own.
The most obvious di�erences between the spectra recorded for Ca-birnessite elec-

trodes before and after 16 h of OER electrocatalysis in phosphate bu�er are the
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appearances of additional signals for potassium and phosphorous in the spectral re-
gion between 100 and 400 eV (Fig. 5.6, blue trace), which coincide with a marked
decrease of the Ca peak intensity. On the other hand, the fact that the XPS spectra
of Figure C.6 are overall very similar again con�rms that the electrocatalyst layer
retains the characteristics of a layered calcium manganese oxide even after extended
electrolysis time. However - and in full agreement with the results from the previous
section - we also observe signi�cant changes of the chemical composition caused by
the electrocatalytic process (this time for the zone close to the surface accessible to
XPS): most of the carbon and some calcium leave the MnOx-layer, while potassium
and phosphate from the electrolyte enter the material. In case of the imidazolium
sulfate electrolyte, no S 1s line was found and additionally the Ca signals in the
survey spectrum are not detectable any more after electrochemistry (see ESI, Fig.
C.7). Thus XPS con�rms that very di�erent ion exchange processes are at play
when these two bu�er systems interact with the Ca-birnessite catalyst during OER.
In order to obtain more detailed information about the chemical environment of the
di�erent elements, we also analyzed the Mn and Ca L-edge spectra in combination
with the XPS data for Mn 2p, O 1s, P 2p and Ca 2p. [89,186�189] The spectra were mea-
sured at kinetic electron energies of 200 eV or 830 eV which relate to inelastic mean
free paths (IMFP) for the electrons of ∼ 1 or ∼ 2 nm, respectively. The NEXAFS
spectra were taken both in the detection modes total electron yield (TEY, probing
depth 3 - 10 nm) as well as Auger electron yield (AEY, probing depth < 1 nm). The
same spectral features were found in both modes and thus only the TEY spectra
are shown in Figures 5.7 and 5.8 (see also ESI, Fig. C.6).
The O 1s XP spectra show contributions from water, Mn-bound hydroxide and

bridging µ-oxido ligands between two Mn centers (see ESI, Fig C.8). A comparison
of the data for the di�erent electron energies indicates (as expected) a higher concen-
tration of hydroxide groups and water at the surface of the samples compared to the
underlying oxide volume. Furthermore, the spectral di�erences between the three
samples show that the hydroxide concentration of the precursor powder is higher
than that of the annealed electrode, but smaller than in the used electrodes. This
is also expected, as the calcination step at 450◦C used for the electrode preparation
should result in the elimination of OH− and/or H2O from the material, while the
exposure to the aqueous medium during electrolysis will result in a renewed binding
of these species. The shoulder appearing at 530.8 eV for the sample after electro-
chemistry can be connected to phosphates originating from the electrolyte. [190,191]

As can be seen in Figure C.8, the surface of the electrode (Eb = 200 eV) shows a
more pronounced signal related to the phosphate electrolyte residuals.
To gain insights into the oxidation states of the manganese species located on

the surface of the electrode, NEXAFS spectra were taken at the Mn L-edges and
the recorded Mn L3-edge spectra are shown in Figure 5.7. The Mn 2p spectra for
all the samples were also measured (ESI, Fig. C.16). Due to signi�cant multiplet
splitting of the three oxidation states of manganese (II, III, IV), and the overlapping
binding energy for these multiplet splitting structures we decided to focus on the
Mn L-edge (NEXAFS) analysis. From comparisons of reference data [192] with the
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Figure 5.7.: Mn L3-edge NEXAFS (TEY) spectra of the three di�erent Ca-
birnessite samples studied by XAS. Color code and sample descrip-
tions are identical to Figure 5.6.

spectra measured for reference oxides and used for the di�erence spectra analysis
(Fig. C.9) and also for linear combination analysis (LCA) (Fig. C.10), we con-
clude that the as-prepared Ca-birnessite powder mainly contains Mn in the form of
Mn4+ ions, giving rise to two pronounced NEXAFS peaks at 641.3 and 643.5 eV,
respectively (59% Mn4+ vs. 41% Mn3+ from LCA). During electrode preparation,
manganese is partially reduced (most likely by the organic components of the ink,
see XPS results for carbon) to an oxide material containing Mn predominantly in
its Mn3+ oxidation state (LCA here: 7% Mn2+, 6% Mn2+/Mn3+, 65% Mn3+ and
22% Mn4+). This is manifested by two additional NEXAFS signals at 641.8 and
642.4 eV, while the feature at 643.5 eV almost disappears from the spectrum. Elec-
trolysis at OER conditions results in a re-oxidation of manganese and the Mn4+-peak
at 643.5 eV reappears. However, the peaks assigned to Mn4+ do not reach the same
intensities after electrolysis as initially found for the powder sample, which suggests
that a certain concentration of Mn3+ is still present on the material surface even
after extended electrolysis at OER potentials (LCA after electrolysis: 2% Mn2+, 5%
Mn2+/Mn3+, 45% Mn3+ and 48% Mn4+). This observation di�ers from the behavior
of birnessites containing only potassium as additional cation [193,194] and it is thus
feasible that the Ca2+ ions have a stabilizing e�ect on the Mn2+ and Mn3+ oxida-
tion states. When an oxidizing potential was applied to the electrode in bu�ered
electrolyte solutions, we detected electrochemical �pre-waves� in the CVs (see ESI,
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Fig. C.1) and also some reorganization of the material at its surface by electron
microscopy. Both processes most likely involve complex Mn-centered redox reac-
tions. [89] In the light of the changes observed in the Mn NEXAFS spectra, we can
now identify electrochemical oxidations of Mn3+ and possibly also Mn2+ , (see Fig.
C.6 in the ESI) centers to Mn4+ occurring for E > 1 V to be responsible for these
events.
Next, the XPS and NEXAFS data for calcium was analyzed (Fig. 5.8 and ESI,

Fig. C.11). The Ca 2p spectra were measured at kinetic energies of Ek = 200 eV
and Ek = 830 eV, respectively. A quantitative analysis of the Ca 2p spectra shows
that the calcium ions are eliminated from the structure resulting in a decrease of
the Ca : Mn ratio from 0.3 : 1 for the powder sample and 0.18 : 1 for the freshly
prepared electrode to 0.11 : 1 for the electrode after electrochemical performance
in phosphate bu�er. These numbers are in very good agreement with EDX-SEM
measurements described above.
Deconvolutions of the Ca 2p lines yielded a main doublet at 346.4 eV for all

samples (Fig. 5.8). From the literature, this is typical for calcium manganese
oxides like CaMnO3 or CaMn2O4, where Ca2+ interacts with neighboring Mn3+/4+

cations via µ-oxido bridges. [195] After electrolysis in phosphate bu�er, both the Ca 2p
(XPS) and the Ca L-edges (NEXAFS) spectra show additional contributions when
compared to those of the powder sample or the pristine electrode, indicating that
some of the Ca2+ ions enter a new chemical environment during electrochemical OER
in phosphate bu�er. In the XPS, after electrolysis an additional peak is found in
the Ca 2p spectrum at a higher binding energy of 353.5 eV. Furthermore, NEXAFS
shows an additional resonance at a lower excitation energy. This e�ect was observed
only when phosphate bu�er was used as electrolyte, while in the case of imidazolium
sulfate no additional Ca L-edge feature was observed (see ESI, Fig. C.12)
The calcium ions in the interlayer space of birnessite-type oxides are expected

to show strong Coulomb interactions with the oxido anions of the [MnO6] layers
and neighboring water molecules. On the other hand, we found that most of the
Ca2+ is removed from the birnessite material during OER in imidazolium sulfate
(see ESI, Fig. C.7). In this case, the Mn L3-edge spectrum is also dominated by
Mn4+ (Fig. S12) and an analysis of the data shows that there is ca. 20% less
Mn3+ present in comparison to the sample obtained after electrolysis in phosphate
bu�er (LCA here: 6% Mn2+, 7% Mn2+/Mn3+, 21% Mn3+ and 66% Mn4+; see ESI,
Fig. C.10). To us, it seems that all these observations might be explainable by the
following interwoven e�ects: 1) Ca2+ - phosphate interactions obviously stabilize
Ca2+ within the birnessite, 2) it is known that secondary cations like Ca2+ in�uence
the energetics of the conversion of Mn4+ to Mn3+, [196] so that in consequence 3) the
presence of phosphate, mediated via the Ca2+ ions in the material, stabilize lower
oxidation states of manganese in the Ca-birnessite catalyst and thus make it more
active in OER catalysis.
To test this assertion, we noticed that all XP spectra of Figure 5.8 feature a Ca

2p satellite peak at about 355 eV. At ∼ 10 eV of energy above the main line, these
signals could well be exciton satellites associated with Ca2+. [197,198] However, the
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Figure 5.8.: right: deconvoluted Ca 2p spectra (data for Ek = 830 eV) of the three
di�erent Ca-birnessite samples studied by XAS: powder (top), printed
Ca-birnessite layer on FTO before (middle) and after electrolysis in
phosphate bu�er (bottom). left: Ca L-edge NEXAFS spectra of Ca-
birnessite samples in total electron yield (TEY) mode. Color code
and sample descriptions are identical to Figures 5.8 and 5.9.

spectra for the Ca-birnessite powder and post-operando spectrum from the phos-
phate electrolyte additionally contain a satellite just 3 eV above the main line. It
is accepted that such additional high energy features in XPS are charge transfer
satellites resulting from the hybridization between valence orbitals of cations and
anions, in our case Ca2+ and O2− (for more details see ESI, 4th text paragraph and
Fig. C.14b). [197�199]

This hybridization can e�ectively be described by charge transfer from the ligand
to the metal, resulting in a d1L con�guration, where L denotes a ligand hole and
d1 indicates an additional d electron on the metal. The energy separation between
these satellites and the main Ca 2p line is indicative of the degree of hybridization.
For the powder birnessite sample, the energy separation between the primary peak
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and the charge transfer satellite is 2 eV (Fig. 5.8, right). After electrochemistry
the separation between the satellite and the main line increases to 2.7 eV, which
indicates that the d1L �nal state has a lower energy than in the powder, meaning
that the Ca2+ remaining after electrochemistry is bound through a highly covalent
metal-ligand interaction.
Turning now to the oxide material obtained after printing onto the FTO sub-

strate, we see that the charge transfer satellite seen initially in the powder sample
is lost (Fig. 5.8). Unlike the partially covalent ground state found after electro-
chemistry, the ground state after printing on FTO is then dominated by the ionic
d0con�guration. The origin of this change in covalency can be seen on the basis of
hybrid density functional theory calculations which show an increase in both band
gap and Ca-O distance in the presence of a high concentration of Mn3+ ions due
to the Jahn-Teller distortion of these centres. [200] Thus, the appearance of a high
concentration of Mn3+ may lead to a loss of the charge transfer satellite in the Ca
2p XPS and a decrease in covalency of the Ca oxygen bonds. To test if this is the
case, we turned to the Mn L-edge measurements (Figure 5.7), from these spectra
it seems that the existence of the Ca 2p charge transfer satellite may be connected
with the presence of Mn4+. After printing, the sample is composed primarily of
Mn3+ and there is no charge transfer satellite in the Ca 2p XP spectrum. How-
ever, when Mn4+ dominates the Mn L-edge spectra as in the powder sample and
the sample after electrochemistry, the charge transfer satellite is seen in the Ca 2p
XP spectrum. In the latter case, a slightly more covalent character of the metal -
ligand interaction was found and the Mn L-edge spectrum also shows a contribution
of Mn3+.
The analysis of the Ca L-edge spectra shows that the spectrum recorded for the

electrode after OER electrocatalysis in phosphate bu�er shows an additional feature
similar to what was found for the XPS Ca 2p lines. The main spin-orbit related
peaks L3 (2p3/2) and L2 (2p1/2) at 349.4 eV and 252.7 eV, respectively, are present
in all three spectra. The position of these main absorptions is nearly the same for all
three samples. For the sample treated electrochemically in phosphate bu�er, peaks
appear at 348.2 eV and 351.47 eV, while spectra of the two others samples show only
small shoulders at these photon energies.
The Ca L-edge spectra is known to be dominated by transitions into localized Ca

3d states meaning that p→s transitions can be ignored to �rst approximation. [201]

Thus, for Ca2+ without hybridization, the �nal state in NEXAFS is |cd1〉. In spher-
ical symmetry this would lead to two primary lines associated with the p3/2 and p1/2

initial states, while in an octahedral �eld the d orbitals are no longer degenerate and
two �nal states become available for each initial state. If we furthermore include
the hybridization approach we used to explain the Ca 2p XP spectra, additional
NEXAFS features can appear due to the increase in multiplet lines. [202]

It is di�cult to know a priori how these additional states modify the Ca L-edge
spectrum. Thus, we calculated the spectra using a multiplet Hamiltonian that
includes hybridization with the same parameters as for the XPS calculations de-
scribed above. These calculations reproduce the L-edge spectrum expected for both
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the Ca2+ ion of spherical symmetry and Ca2+ in an octahedral environment of O2−

counter-ions (10 Dq = 0.75 eV) (see ESI, Fig. C.14a). They also reveal additional
small leading edge peaks due to multipole interactions of the core hole with the
valence electron.57 A comparison of these calculated L-edge spectra with the ex-
perimental results shows that Ca2+ interacts weakly with its surroundings in the as
prepared birnessite powder, with a value of only 10 Dq = 0.75 eV required to model
the shoulders at 348.2 eV and 351.5 eV. For comparison, 10 Dq is 1.2 eV in CaO. [202]

When hybridization is introduced, it leads to the growth of two peaks, consistent
with what is observed in the measured Ca L-edge spectrum after electrochemistry
in phosphate bu�er (see Fig. 5.8, left, blue curve).

The agreement between the theoretical description of the NEXAFS and XPS
spectra allows us to conclude that the additional peaks in the Ca L-edge spectra
recorded for the electrode sample after OER electrocatalysis in phosphate bu�er can
be assigned to a partial change in environment of the calcium ions. This indicates
the formation of a new Ca2+-containing phase, in which the Ca-ligand interaction
becomes highly covalent, and therefore resistant to dissolution into the electrolyte.
For the sample obtained from the imidazolium sulfate electrolyte, such additional
features at 348.2 eV and 351.47 eV are not observed, suggesting that hybridization
between Ca2+ and O2− is not taking place in this case and might thus be phosphate-
dependent (see ESI, Fig. C.12).

The survey XP spectrum of the sample after electrochemistry in phosphate bu�er
also revealed the presence of a P 2p signal, which must originate from phosphate
ions incorporated into the oxide (Fig. 5.6). At this stage it is unclear whether this
signal might also originate from calcium phosphates (Eb = 347 - 348 eV) as possible
products from the reaction between Ca2+ from the Ca-birnessite and (H)PO2/3−

4

anions from the electrolyte. [203] Taking into account the well-studied chemistry of
calcium phosphates and the TEM-EDX data presented above (where phosphorous
was found close to the surfaces of the Ca-birnessite nanocrystals), the formation of
some kind of calcium phosphate moieties seems plausible. Unfortunately, in our case
calcium phosphate species cannot be identi�ed by their Ca 2p XP spectra as the
binding energies for calcium manganese oxides and calcium phosphates are separated
by less than 1 eV. [196]

Nevertheless, in order to be able to detect possible contribution from calcium
phosphates next to calcium manganese oxides, a P 2p XPS for the electrode after
electrolysis was measured using two kinetic energies (Ek = 200 eV and 830 eV, see
ESI, Fig. C.4). The two spectra di�er by a greater bulk contribution (Ek = 820 eV
vs. Ek = 200 eV) of a phase appearing at higher binding energy (∼ 136 eV). After
deconvolution of the 830 eV spectrum, three doublets were found (Fig. 5.9). A
comparison with literature data combined with theoretical calculations allows an
analysis of the contributions to this P 2p peak: the �rst doublet located at 132.8 eV
(red line) can be assigned to HPO2−

4 and H2PO−4 , the bu�er anions present in the
electrolyte. [203] The second (133.7 eV) (blue line) and third (135.75 eV) (green line)
doublet are related to each other. The energetic position of the second doublet is
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Figure 5.9.: Deconvoluted P 2p XPS spectrum for a Ca-birnessite electrode after
electrolysis under OER conditions (16 h in 0.1 M phosphate bu�er at
η = 540 mV).

in very good agreement with the literature data for calcium phosphates and the
formation of such compounds from the reaction between phosphate from the elec-
trolyte and calcium ions located within the birnessite structure appears to us very
plausible. The spectral contribution located at the highest binding energy was as-
signed to calcium phosphates containing H2O and/or OH− and its observation is
in agreement with our �ndings for the Ca 2p line and the Ca L-edge spectra de-
scribed above. Here, the formation of clusters like CaH(PO4) associated with water
molecules is possible which are known from the minerals brushite (CaH(PO4) · 2
H2O) or octacalcium phosphate (Ca8H2(PO4)6· 5 H2O. Another possible reaction at
pH 7 is the formation of hydroxyapatite (Ca5(PO4)3(OH)).
The most obvious explanation for the appearance of the contributions of the P 2p

line is the reaction of phosphate ions with the surface of the manganese oxide layer,
where oxygen point-defects could react especially well with phosphate units. [204] For
this, di�erent phosphate binding motifs are possible: direct binding of phosphate to
the [MnO6]n-layer could occur via a single oxygen vacancy or a phosphate bonded
via two oxygen atoms to two neighboring O-defects. Another possibility is the
reaction of phosphate with calcium ions located between the [MnO6]-layers, which
are separated by a rather large 7Å interlayer space for birnessites. This is supported
by the reduced Ca2+ concentration in phosphate enriched areas.
In conclusion, the XPS results can be interpreted by equilibria involving dynamic

exchanges of Ca2+, K+, PO3−
4 and HPO2−

4 ions bound to the surfaces, within the
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pores and probably even between the [MnO6]n layers of the birnessite material (see
graphical abstract). Among the anions, phosphate species seem to have an especially
high a�nity for birnessites, leading to a substantial incorporation of phosphate into
the birnessites' surface layers where catalytic water oxidation most likely occurs.
The combination of XPS, NEXAFS and theoretical approaches indicates that the
binding of phosphate can either occur directly via O-vacancies in the [MnO6]-layers
or also by the formation of [Ca/PO4/H2O]- complexes within the layers. The lat-
ter appear to be of signi�cant importance because close calcium-manganese and
calcium-phosphate interactions are indicated by the detailed analyses not only of
the P 2p but also the Ca 2p and Ca, Mn L-edges signals. Finally, we would like to
add that the described incorporation of phosphate is to a large extend reversible:
if an anode �loaded� with phosphate by OER electrocatalysis is placed in deionised
water for 12 h, no XPS peaks for P can be detected any more.

5.4. Conclusion

While few studies on water-oxidation catalysis by manganese oxides emphasize the
critical role of the electrolyte for e�ective water oxidation catalysis, our results
clearly show the potential bene�ts of a rational, concerted development of cata-
lyst and electrolyte in parallel. For Ca-birnessite, we �nd that the use of bu�er-
ing electrolytes is generally bene�cial and that phosphate-based systems seem to
be particularly advantageous for the operation of birnessite-anodes at near-neutral
conditions.
Our detailed investigation of the interactions between the Ca-birnessite material

and (hydrogen) phosphate electrolytes during electrocatalysis provided proof for
very dynamic, complicated ion exchange equilibria between the solution and the
heterogeneous water-oxidation catalyst. Using a broad set of investigation methods
(electron microscopy, EDX, XPS and NEXAFS), we could show that the elements
carbon and calcium, which are part of the catalyst layer as a result of the preparation
method, are fully (C) or to a large degree (Ca) eliminated from the material after
some hours of operation as OER electrocatalyst. Further analysis of the XPS and
NEXAFS spectra acquired after OER reveals that a large fraction of the remaining
calcium-oxygen interactions is likely of covalent nature, preventing the complete
dissolution of calcium from the material. It seems that phosphate plays a role
in accruing this phenomenon as no hybridization was observed in the case of the
imidazolium sulfate electrolyte, and much more Ca2+ ions left the structure. This
in turn leads to a destabilization of the Mn3+ state result-ing in a decrease of OER
activity.
For the neutral potassium phosphate electrolyte, our data suggests that both K+

and HnPO(3−n)−
4 , enter the mesoporous birnessite layer. After some time, these ions

can be found in the entire volume of the catalyst, with especially high concentrations
at the top of the catalyst layer (where a new, probably re-precipitated material is
formed) and on the inner surfaces of the pores.
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The interpretation of XPS and NEXAFS data for a nanocrystalline, partially
disordered manganese oxide like birnessite is complex and far from routine. However,
our analysis is in agreement with previous investigations which indicated that the
redox equilibrium Mn3+ 
 Mn4+ is of central importance for OER catalysis by
birnessites. A signi�cant concentration of Mn3+ ions at the surface of the oxide
might be key for the material to be catalytically active. Mediated by bridging
oxygen atoms, Mn cations interact with both calcium (which seems to in�uence its
oxidation state) and phosphorous during electrocatalysis and furthermore Ca2+ and
HnPO(3−n)−

4 additionally seem to form some kind of aggregates within the mate-rial
as detected by XPS.
Overall, the operation of Ca-birnessite as water-oxidation catalyst in phosphate

electrolytes signi�cantly alters the manganese oxide material. Especially striking is
the incorporation of (hydro-gen)phosphate anions into the catalyst, where they sta-
bilize Ca2+ in the structure and might additionally act as �internal bases� to shuttle
protons released from the OER reaction at catalytic sites into the bulk of the solu-
tion. These special e�ects of the interaction of HnPO(3−n)−

4 with the catalyst might
explain the markedly better OER-performance of the Ca-birnessites catalyst mate-
rial in phosphate solutions in comparison to other bu�ering electrolytes. We would
like to add that the processes described here might be closely related to the incorpo-
ration of phosphate ions into the much-studied �CoPi�-catalyst �lms generated by the
electrodeposition of cobalt from phosphate-containing solutions. [71] Thus amorphous
CoOx- and nanocrystalline, layered MnOx- electrocatalysts for water-oxidation show
an important similarity: in addition to the atomic structure and morphology of the
catalyst material, the interaction of the oxides with the ionic components of the
electrolyte is of central importance for the catalytic process.
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Abstract

Hydrogen production by electro-
chemical water splitting is limited by
the sluggish oxygen evolution reaction
(OER). In order to improve our under-
standing of the underlying mechanisms,
information about the atomic surface
structure of the active state of the
electrode is necessary. Here, we present
environmental transmission electron
microscopy studies of Ca-birnessite
(K0.20Ca0.21MnO2.21· 1.4H2O) elec-
trodes under conditions close to those of the OER. Remarkably, in H2O vapor, a
highly dynamic state of the surface and subsurface develops with a thickness of
the dynamic layer of up to 0.6 nm, which is absent in O2 and inert gases. Electron
beam induced e�ects are carefully studied, showing high stability of the material
against radiation damage in high vacuum until dose rates of 42.000 e−/(Å

2
s). In

contrast, in H2O the dynamic surface layer develops and forms a stationary state
even at low dose rates down to 5.000 e−/(Å

2
s). Electron energy-loss spectroscopy

reveals an increase in the Mn oxidation state in H2O and in O2 ambient. Our results
are interpreted as the formation of a few-angstrom-thick, dynamic, and hydrated
surface layer of birnessite in H2O, with an increased Mn valence state. Such a
dynamic surface layer with a �exible Mn coordination and valence state might be
optimal for oxygen evolution due to the higher e�ective interaction volume beyond
the surface area and a �exible bond coordination of partially hydrated Mn species.

6.1. Introduction

The oxygen evolution reaction (OER) is one of the main bottlenecks for the produc-
tion of hydrogen by electrochemical water splitting using renewable energy. [164] A
better understanding of the mechanisms a�ecting the activity and stability of OER
electrocatalysts is thus required. Inspired by the highly e�cient oxygen-evolving
complex of photosystem II, which features an active site with stoichiometry of
CaMn4Ox, signi�cant research activity on �nding e�cient systems for OER has
focused on various manganese oxides (MnOx). [73,75�79,165,166] From the many known
MnOx structures with varying composition and ordering, layered birnessite-type
MnOx compounds show especially good stability and OER activity [17,80,83�85]. Bir-
nessites consist of a layered arrangement of MnO6 octahedra with an interlayer
distance of 7-10Å. Between these layers, water and cations can be intercalated in
variable concentrations in a fashion similar to clay minerals. Doping by di�erent
cations can modify the degree of the crystalline order as well as the ion exchange
properties of the materials when in contact with aqueous solutions. [175,176] In ad-
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dition, the presence of redox-inert intercalated ions like Ca2+ might stabilize or
even support the formation of modi�ed and more �exible structural moieties within
MnOx, which is most likely favorable for OER catalysis. [181,182] Previous studies
have shown the in�uence of the birnessite crystallinity on the OER activity, where
a lower degree of order leads to a higher activity. Detailed X-ray di�raction and X-
ray absorption structure analysis of active Ca-birnessite catalysts con�rmed a low
long-range order within the [MnO6]-layers as well as irregular stacking of the lay-
ers. [84,86,168] Such birnessite electrodes yield stable current densities of ≈ 1 mAcm−2

at overpotentials η of ≈ 500 mV in neutral, phosphate bu�ered electrolytes. [89] Man-
ganese species with oxidation states close to +3 display Jahn-Teller distortions of
the octahedral coordination spheres of Mn3+ cations and the resulting metastable
Mn-O bond length might enhance OER activity. [73] Compared to Mn4+-rich ox-
ides, Mn3+-rich oxides often show much higher OER activities. [18] However, Mn4+

might also stabilize manganese complexes against decomposition, as observed for the
oxygen-evolving complex of photosystem II. [174] For birnessites Mn oxidation states
are in the range between 3.3 and 4.0, [17,84,86,168] indicating a �exible Mn valence state
that can be reversibly modi�ed during OER which might be a key characteristic for
OER catalysis by manganese oxides. [26,86,174,179] In previous studies [29,205], the forma-
tion of an amorphous surface layer in correlation to the ion exchange of Ca2+ with
HnPO(3−n)−

4 has been observed during OER, hinting to a pronounced atom dynam-
ics at the electrolyte birnessite interface. In-situ transmission electron microscopy
(TEM) experiments enable the study of the evolution of the catalyst surface under
reactive conditions in real space in order to gain insights into the surface dynamics
of the MnOx material, however, high resolution experiments in H2O vapor with a
condensed H2O surface layer are presently restricted to pure H2O without addition
of foreign ions, typical for real electrolytes [122].
In this work, we analyze two di�erent types of Ca-birnessite

(K0.20Ca0.21MnO2.21·1.4H2O) electrodes. The �rst is a pressed birnessite pow-
der, which thus represents a chemically pure binder-free electrode. The second type
of electrodes is a typical screen-printed electrode, containing the same birnessite
powder that is immobilized by an ink containing organic (and therefore carbon-
containing) compound. It is used as a reference to verify the observed dynamics
at an electrode which is used in the electrochemical setup. Results for the printed
electrode are mostly in the Supporting Information. In order to study the birnessite
surface under OER conditions, an environmental transmission electron microscope
(ETEM) was deployed. With a 1 hPa H2O water pressure and a beam induced
local positive electric potential, conditions can be reached that allow OER in the
ETEM. [78] The initial structure of the electrode was revealed with high-resolution
transmission electron microscopy (HRTEM) and electron energy-loss spectroscopy
(EELS), showing a rather high stability under electron beam irradiation. Under
beam-induced reactive conditions in H2O, pronounced surface dynamics emerges,
which were analyzed with time sequences of HRTEM as a function of the dose rate.
To gain further insights into the electronic structure of the electrode, the change
in the oxidation state under OER conditions was investigated by EELS of the Mn
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L-edge and �tting of reference spectra. Our results demonstrate the formation of
a few-angstrom-thick dynamic surface layer of birnessite in H2O, with an increased
Mn valence state.

6.2. Experimental Methods

Typically birnessite electrodes for electrochemical experiments are fabricated by us-
ing an ink to immobilize the Ca-birnessite powder on the conductive support. This
improves the stability and leads to a reduced electric resistance. However, printed
electrodes contain a certain amount of carbon which can contribute to undesired
TEM lamella contamination in in-situ TEM experiments. Consequently, we per-
formed a comparative analysis of pressed birnessite powder and printed electrodes
fabricated from the same source powder, that allows us to di�erentiate the e�ects of
birnessite and carbon in in-situ experiments. The results on the printed electrode
are used as a reference and are mostly shown in the Supporting Information. Please
consult previous publications concerning the synthesis of the birnessite powder and
the screen printing of the electrodes. [17,89]

6.2.1. Lamella Preparation

For pressed electrodes, the birnessite powder was moistened with isopropanol and
pressed into a cylinder 1 cm in diameter at 50 bar for 30 min. Electron-transparent
lamella were then prepared from the pressed pellet by the conventional thinning
method; that is, cracked pieces were polished down to 150µm and then ion milled
with Ar ions at an acceleration voltage of 5 kV, which is stepwise decreased to
0.5 kV. The printed electrode lamellas were cut with a focused ion beam (FIB). To
protect the electrode from beam damage during preparation, a PVA protection layer
was used. After thinning the remaining PVA was removed with PIPS and plasma
cleaning. Figure D.1 shows overview TEM images of the lamellas of a pressed and
a printed electrode.

6.2.2. In Situ ETEM

TEM analysis was performed at an FEI Titan ETEM with an acceleration voltage of
300 kV. The Titan ETEM is equipped with an image CEOS Cs corrector, enabling
a point resolution of better than 0.1 nm. Furthermore, it is equipped with an FEI X-
FEG module and a Quantum 965ER Gatan Image Filter (GIF). In a high vacuum
(HV) operation, a gas pressure of 10−7hPa is maintained by using a cold trap.
Without a cold trap, typically 10−6 []hPa is reached. In ETEM experiments, the gas
pressure can be adjusted from ≈ 10−4hPa to ≈5 hPa, depending on the type of the
gas. The residual gas analyzer (RGA) measurements shown in Figure D.2 indicate a
purity of the gas system better by 95%, when 1 mbar H2O or O2 is used. The beam
intensity is adjusted with the available monochromator focus in the un�ltered mode.
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To determine the dose rate (D), the calibrated electron count from the camera is
divided by the area of the image and the acquisition time. For the recorded movies,
the acquisition time is 0.1 s per frame.
In STEM an ADF detector is used with a camera length of 68 mm. The re-

sulting collection angle of greater than 55 mrad gives predominant contributions of
incoherent scattering, leading to Z-dependence of the contrast. [206]

6.2.3. Tracking Atomic Movements in HRTEM

The analysis of atomic surface dynamics of a partially disordered system is chal-
lenging due to two reasons: (i) image drift has to be separated from the contrast
change due to displacement of atomic columns. Here, usual drift correction pro-
cedures based on autocorrelation have serious limitations. They correlate entire
frames, which is unsuitable due to the rather homogeneous, featureless contrast of
the entire TEM image. Furthermore, if autocorrelations are restricted to an area
close to the region of interest, that is, the interface to H2O, the small number of
image pixels limits a reliable drift determination. Thus, a video software package is
required which is capable of tracking objects in real space. (ii) Movement of atoms
in a partially disordered material cannot be tracked by analysis of the coherent shift
of entire atomic columns; hence, the application of image averaging procedures after
drift correction enables distinguishing of regions of pronounced atom dynamics from
the rather static areas. In the following, we describe the drift correction / image av-
eraging procedure based on tracking with the professional and freely available video
editing application Davinci Resolve 16.1. [207]

Scheme 6.1: Illustration of the analysis method for the in-situ HRTEM movies.

Within Davinci, the so called �Fusion� tool is used to remove drift via stabilizing
the movie with the planar tracker. This tool allows the tracking of multiple points
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close to the surface area due to their intensity. This method results in the highest
degree of stabilization. After rendering the stabilized movie, the single frames are
extracted, stacked and averaged (see Scheme 6.1). We denote the averaged frame
number N̄ and the total time for averaged frames T.
Figure 6.1 shows three frames (A-C) from the stabilized movie and the averaged

image (sub�gure D). To demonstrate that Davinci Resolve (Fusion) can track in-
dividual atomic rows, six positions of atoms were marked in the �rst frame. The
position relative to the frame was copied to the other images after drift correction.
The inset in each image con�rms that single atom rows can indeed be tracked (see
also Movie S1).

Figure 6.1.: Demonstration of the drift correction and image averaging procedure
to track atomic motions for the example of a pressed electrode in
1 hPa O2 (D=22,600 e−/(Å

2
s)). Images are taken at negative defocus,

i.e. dark spots mark the position of atomic columns. The superim-
posed orange dots mark the same position in all the images; (A) t=0 s;
(B) t=80 s; (C) t=160 s; and (D) averaged image (N̄=998, T=181 s).
Frames are taken from movie M1.

If the involved atom columns do not change their relative position over time,
atomic column contrast will remain sharp in the averaged image. Relative motions
of atoms will blur the contrast of atomic columns that may even entirely disappear,
depending on the atomic displacement rate and duration of the frame sequence.
This allows analysis of the involved area of surface dynamics based on the averaged
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frames as well as on the movies. The lower accuracy limit of this analysis method
is given by the accuracy of the drift correction that would induce a blurring of the
entire time averaged image for static structures. This e�ect is used for accuracy
determination and excludes the fact that blurred surface areas are generated due to
errors in the drift correction. The spatial resolution of this method is thus limited
by the quality of the tracking and not by the HRTEM resolution. From Figure 6.1
the lower limit can be determined to be 0.1 nm. A drift of the sample height has a
similar impact on the tracking as the in-plane-drift. To sustain good track quality
the time duration of the tracked video is kept a few 100's of seconds.

6.2.4. Mn L-Edge EELS Analysis

The Mn L-edge is recorded via the dual EELS method with the zero-loss peak (ZLP)
in the low loss and the Mn-L and O-K edge in the high loss region. Energy calibration
is conducted by �tting the ZLP by a Voigt pro�le and subtracting the center. The
background is �tted with a power law and subtracted. For the normalization, the
spectra are divided by the averaged background value right above the L2 white line
peak. The Hartree-Slater function is adjusted to the L3 and L2 position and then
shifted by 3 eV before being subtracted from the normalized spectra, in order to
account for the ionization cross-sections of the continuum. By numerical integration
of the L3 and L2 peaks of several spectra the average L3/L2 ratio is determined.
Comparing di�erent TEM lamella of the pressed electrode indicates that lamella
preparation by FIB, followed by PIPS and plasma cleaning slightly reduces the
lamella surface. Once the lamella is studied in ambient O2 and H2O, no di�erence
in the Mn valence state of di�erent lamellas is detectable. Since the pristine Mn
valence state of the lamella might be a�ected by the ion milling, we selected the
data with the lowest Mn reduction as the reference state in HV.
The Mn valence is determined by multiple linear least squares (MLLS) �tting

of the reference spectra of Garvie et al. [208], where manganosite (Mn2+), norrishite
(Mn3+) and ramsdellite (Mn4+) were used to calibrate the three relevant oxidation
states of Mn. The �t parameters ξi are then used to determine the Mn valence:

V alence(Mn) =
2 · ξ(2+) + 3 · ξ(3+) + 4 · ξ(4+)

ξ(2+) + ξ(3+) + ξ(4+)

(6.1)

An exemplary �t together with the reference spectra is given in Figure D.3. Several
spectra per sample were analyzed and averaged for the results shown in Table 6.2.
Since the MLLS �tting is sensitive to the energy position of the Mn-L edge,

the energy calibration of the spectrometer is of importance. However, the energy
positions of the Mn-L edge in the reference spectra can di�er up to 1.5 eV (compare
Garvie et al. [208] vs Tan et al. [209]) for the same material. As a test for consistency
of energy calibration, the trends in the oxygen K edge position, compared to the
L3/L2 ratio, are also included in the analysis. The energy calibration for the TEM
session, is adjusted for each session leading to an accuracy of ≤ 0.6 eV. The energy
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position of the O K edge was determined by �tting the maximum of the �rst main
peak via a Gaussian function. In order to evaluate the consistency of the Mn valence
obtained by MLLS �tting, it is compared to the valence trend obtained from the
L3/L2 ratio that is independent of the energy calibration as well as of the reference
spectra choice. The signal to noise ratio of the Mn L-edge was not su�cient for the
determination of the surface valence state.

6.3. Results

6.3.1. HRTEM Analysis of the Pristine State of Birnessite
Electrodes

Two di�erent kinds of electrodes were analyzed in this work: a printed and a pressed
electrode. The printed electrode represents an electrode type which has already been
used in electrochemical oxygen evolution studies [89], while the pressed electrode acts
as a pure birnessite reference material and is used to reduce the e�ects of carbon
redeposition in TEM. Overview TEM images for both electrodes are presented in
Figure S1. Scanning transmission electron microscopy (STEM) images and EELS of
the printed electrode, showing the composite structure of the birnessite and carbon
binder, are shown in Figure D.4.
In order to analyze the crystal structure of the birnessite electrodes, HRTEM

images were taken (Figure 6.2). The particles have an irregual shape with a typical
size of≈ 600 nm and contain nanocrystals with a diameter of (5± 2) nm. In HRTEM
images the visibility of partially overlapping crystals depends on the diameter and
lamella thickness [210]. Hence the areas which appear disordered in Figure 6.2 are
not necessarily amorphous and could also be due to small overlapping grains out
of the zone axis. For the pressed and printed electrodes, the coherent domain size
measured by HRTEM, indicative of the crystal diameter, is the same within the error
margin (Table 6.1). An analysis of the lattice spacings is provided in Figure 6.2 E.
Here the intensity pro�les of the FFTs from the di�erent samples are compared,
see Figure D.5. An overview over the found lattice distances is given in Table D.2.
No change in lattice parameters between the powder and fabricated electrodes is
observed. The broad peak of the powder at ≈ 4.5Å is due to a moiré pattern
stemming from the edges of the birnessite particles. This con�rms that electrode
fabrication does not change the crystal structure, for example, due to a change in
the crystal water concentration.

d [nm]
powder pressed printed
5.1 ± 2.0 3.9 ± 1.7 3.6 ± 1.3

Table 6.1.: Crystal size of birnessite powder, printed and pressed electrode.

The absence of the visibility of (001) planes in the HRTEM images can be ex-
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plained by disorder of the lattice spacing in c-direction. This was also observed
by Zhang et al. [211]. Our HRTEM analysis thus reveals that printed and pressed
electrodes display a nanostructure consisting of plate like nanocrystals with a diam-
eter of ≈ 4 nm. In HV the powder, printed, and pressed electrodes show no sign of
morphology changes or electron beam induced sputtering and, thus, are stable up
to an electron dose rate of at least 42.000 e−/(Å

2
s) (see Movie S8 and Figure D.6).

Figure 6.2.: HRTEM analysis of di�erently processed birnessites in HV. (A,C)
powder; (B) pressed electrode; (D) printed electrode; (E) represen-
tative intensity FFT pro�les of HRTEM images of powder, printed,
and pressed electrodes (for representative FFTs, see Figure D.5). A
detailed overview over the lattice parameters is given in Table D.2.
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6.3.2. Environmental TEM Studies on Surface Dynamics in
H2O and O2

Carbon Free Pressed Electrodes

We have systematically studied the pressed birnessite electrodes at dose rates be-
tween 2000 e−/(Å

2
s) and 60,000 e−/(Å

2
s) in HV, O2 and H2O in the HRTEM mode

to analyze the changes of the electrode surface structure in dependence of the gas
type and dose rate (see Figure 6.3). The pressed electrodes are remarkably stable
over several minutes and show no signs of amorphization, crystallization or surface
sputtering in HV (10−7hPa), 1 hPa H2O and in 1 hPa O2 up to extreme electron
dose rates of about 60.000 e−/(Å

2
s). Only in H2O and then only at the surface, an

intense dynamic movement of atoms can be observed above an electron dose rate of
4000 e−/(Å

2
s) (see Figure 6.3A and Movie S3).

The level of dynamics is stationary over at least several minutes, and no degra-
dation of the surface is visible. In comparison, no signi�cant surface dynamics were
detected in 1 hPa O2 or in HV (Figure 6.3B,C and Movie S4). Thus, the dynamics
of the atoms at the surface is restricted to the presence of water vapor. For a quanti-
tative approach, the thickness of the dynamic layer was measured in dependence of
the electron dose rate (Figure 6.3C). In the range of <5000 e−/(Å

2
s), a correlation

of the dynamic surface layer thickness with the dose rate may exist. However, above
5000 e−/(Å

2
s), its thickness saturates at a value of about 0.6 nm. Furthermore, de-

creasing the H2O pressure from 1 to 0.5 hPa does not change the dynamics. Above
60.000 e−/(Å

2
s), bubble formation within the electrode appears (see Figure D.7 and

Movie S2), and the electrode degrades.
The independence of the dynamic layer thickness on the electron dose rate above

5000 e−/(Å
2
s) excludes an e�ect driven purely by the impact of the primary elec-

trons. This statement is further supported by the observation that the dynamic
surface layer is only present in H2O.

Printed Electrodes with particle Embedded in Carbon

The printed electrodes consist of birnessite nanocrystals embedded in an amor-
phous carbon containing matrix, as indicated by STEM combined with EELS in
the Supporting Infomration (see Figure 6.4). After introducing O2 to the printed
electrode lamella, di�erent kinds of dynamics can be observed (Figure 6.4, and Fig-
ure 6.5A). Remarkably, some surfaces show no dynamics (Figure 6.4B and Figure
6.5A), while, at the same time, the less ordered carbon-rich areas in the bulk show
pronounced structure dynamics (Figure 6.4B indicated by the circle). In addition,
the formation and movement of bubbles can be observed even at a moderate dose
rate (7400 e−/(Å

2
s), Figure 6.4C,D). This reveals an additional contribution to the

structure dynamics in printed electrodes due to the presence of carbon, that is absent
in pressed electrodes.
In H2O vapor, the structure dynamics of the printed electrode intensi�es by show-
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Figure 6.3.: In situ HRTEM analysis of the surface dynamics of the pressed bir-
nessite electrode in HV, H2O and O2. (A) Averaged image in 1 hPa

H2O (N̄=258, T=44.4 s, D=7100 e−/(Å
2
s), Movie S3); (B) averaged

image in 1 hPa O2 (N̄=375, T=67.9 s, D=7500 e−/(Å
2
s), Movie S4);

(C) averaged image in HV (N̄=52, T=13.5 s, D=8400 e−/(Å
2
s); and

(D) measured thickness of the dynamic surface layer in dependence of
the dose rate, pressure, and gas type (H2O, O2, and HV).

ing strong bulk dynamics (Figure 6.5C,D) and bubble formation (Figure D.8). An
agglomeration of these bubbles is possible if they meet. The analysis of the FFT
yields a constant distance of the rings/spots from the center of the FFT, con�rm-
ing the preservation of the crystal structure of the birnessite nanocrystals (see also
Movies S5 and S6). Some of the visible spots are moving on a circular path of con-
stant lattice spacing, consistent with the orientation changes of entire nanocrystals.
Such a movement of the nanocrystals may be induced by the bulk dynamics of the
disordered carbon-rich areas and the bubble formation.
The bulk dynamics in carbon-rich areas in water vapor can be quite intense,

as shown in Figure 6.5B-D. If such a dynamical area is close to the surface, the
whole surface is moving (Figure 6.5C,D and D.9). Remarkably, even under these
conditions, the nanocrystals are quite stable.
The threshold for the bubble formation in H2O depends mainly on the dose rate.
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Figure 6.4.: In situ HRTEM experiment with a printed electrode in 1 hPa O2 and
D=7400 e−/(Å

2
s) (A) average image (N̄=640, T=103.9 s, Movie S5);

(B) magni�cation of area in (A); and (C-D): time series [(C) t=57 s;
(D) t=98 s]. Arrows indicate positions of bubbles.

At a dose rate of ≈ 5000 e−/(Å
2
s), the movement of crystals due to bubble formation

sets in. The size of the bubbles increases with a higher electron dose rate. In
addition, the mobility and agglomeration rate are also increased, leading to the
formation of very large voids (Figure D.10 / Movie S7). Such intense bubbling that
is absent in the pressed electrodes gives rise to degradation of the materials due to
fracturing. It is most likely due to the oxidation of carbon-rich domains. The inner
surface area of formed holes is amorphous and does not display any dynamic surface
layer.
In addition to bubble formation, the formation of a dynamic surface can also be

also observed at birnessite crystals of the printed electrode in H2O (inset Figure 6.5B
and Figure D.9). This con�rms that the dynamic surface layer is a characteristic
feature in both the printed and the pressed electrodes. However, the analysis of this
surface dynamics is restricted due to overlap with bulk dynamics.

6.3.3. In-situ STEM EELS of the Birnessite Electrodes in
H2O and O2

Figure 6.6 shows the STEM EELS Mn L-edge spectra of the pressed and printed
electrodes in H2O, O2 and HV. The O-K edge is dominated by losses in the H2O/O2

vapor in the TEM column and thus cannot provide spectroscopic information about
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Figure 6.5.: In situ HRTEM analysis of the dynamic state of the printed elec-
trode in 1 hPa H2O compared to 1 hPa O2. (A) Averaged image
in O2 (N̄=187, T=30 s, D=10,400 e−/(Å

2
s); (B) averaged image in

1 hPa H2O (N̄=516, T=88 s, D=22,200 e−/(Å
2
s), time resolved frames

in Figure D.9); (C) averaged image in 1 hPa H2O (N̄=478, T=63 s,
D=40,300 e−/(Å

2
s) the orange marked area indicates the area with

the strongest blurring; and (D) single frame of (C).

the sample (see Figure D.12). In contrast, the L3/L2 intensity ratio of the Mn
L-edge reveals information about the oxidation state of manganese. The accuracy
of the method for valence state determination is limited by statistical scattering
connected to the required �tting, background subtraction and assessment of multiple
scattering e�ects. [212] In addition, the absolute valence determination is limited due
to variations of L3/L2 ratio in the reference spectra of typical manganese oxides and
birnessites. [208,209,213�216] We thus use the L3/L2 ratio to indicate relative oxidation
trends of Mn species in the birnessite.
In Table 6.2 L3/L2 ratios for the pressed and printed electrodes are given. In

HV, both electrodes present the same oxidation state. By adding 1 hPa O2, the
L3/L2 ratio decreases, thus indicating oxidation. The presence of 1 hPa H2O further
oxidizes the samples. Therefore, for both the electrodes the manganese valence is
the highest in H2O (H2O > O2 > HV).
Note that the printed electrode shows a higher oxidation state in H2O and O2

compared to the pressed electrode. This indicates that the presence of carbon in-
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Figure 6.6.: Representative in-situ STEM EELS Mn-L Edge spectra in 1 hPa H2O,
1 hPa O2 and HV of (A) pressed electrode and (B) printed electrodes.
More spectra from di�erent areas can be found in Figure D.11 and
D.12.

HV 1 hPa O2 1 hPa H2O

printed electrode
L3/L2 ratio 3.1 ± 0.2 2.5 ± 0.2 2.3 ± 0.3
valence 3.3 ± 0.1 3.7 ± 0.1 3.9 ± 0.2

pressed electrode
L3/L2 ratio 3.3 ± 0.3 3.1 ± 0.1 2.9 ± 0.3
valence 3.1 ± 0.1 3.3 ± 0.1 3.6 ± 0.3

Table 6.2.: Overview of the EELS L3/L2 intensity ratio of the pressed and printed
birnessite electrodes in H2O, O2 and HV. In addition, Mn valence is
determined by MLLS �tting. The accuracy is given by statistical devi-
ations. All spectra used in the EELS analysis can be found in Figure
D.11 and D.12.

creases the surface of the electrode which is exposed to H2O/O2 and, therefore,
facilitates raising the average oxidation state of the lamella.
In order to determine the absolute manganese valence from the EELS Mn spec-

tra, MLLS �tting was used. Inspired by a previous, successful MLLS-�t used for the
correct determination of the Mn valence state of birnessite, [214] the same method
was applied here for the reference spectra [208] of manganosite (Mn2+), norrishite
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(Mn3+) and ramsdellite (Mn4+). The MLLS �t is exempli�ed in Figure D.3, and the
resulting Mn valences are given in Table 6.2. In HV, the MLLS �t yields a valence
of 3.3 ± 0.1 for the printed and 3.1 ± 0.1 for the pressed electrode. This is in very
good agreement with the results from XANES measurements, where the manganese
valence for similar printed birnessite electrodes was determined to be 3.226. MLLS
�tting is quite sensitive to energy calibration and thus, a slight di�erence in the spec-
trometer calibration can cause signi�cant deviations. However, the accordance with
the XANES analysis [29] indicates that our spectrometer energy calibration matches
that of the used reference spectra. This was additionally con�rmed by O-K edge
spectroscopy in HV, whereas in H2O/O2 vapor it is dominated by the gas spectra
(see Figure D.13).
Similar to the L3/L2 ratio, MLLS �tting shows oxidation of both samples in

O2 and H2O, where the printed electrode become oxidized more strongly than the
pressed one. For the printed electrode, the valence reaches 3.9 ± 0.2 in H2O com-
pared to 3.6 ± 0.3 of the pressed electrodes. An increase of the Mn oxidation state
from 3.2 to 3.5 after electrochemical operation is also established in post-operando
XANES analysis. [29] This value is slightly reduced compared to this work.

6.4. Discussion

The Relevance of Beam E�ects

In general, there are four di�erent types of beam e�ects which could in�uence the
sample and in�uence the in-situ experiments.
First, elastic scattering with a high incident beam energy and large scattering

angles can lead to knock-on damage via displacement of atoms. This e�ect depends
on the displacement energy of the material and can only be avoided if the accel-
eration voltage of the transmission electron microscopy is below the displacement
threshold. [217] In the HV TEM analysis of the pressed electrode at a dose rate of
8400 e−/(Å

2
s) and an accumulated dose of 336.000 e−/Å

2
, no dynamics or beam

damage is observed (see Figure 6.3C). With a higher dose rate of 42.000 e−/(Å
2
s)

and an accumulated dose of 2.209,200 e−/Å
2
slight movements of the surface (<

0.17 nm) at some areas occur (see Movie S8). Since in HV operation, no cold trap
was used in the octagon, the presence of a small H2O background concentration must
be taken into consideration. Based on Roddatis et al., [218] we estimate 1% of H2O,
i.e. a partial pressure of 10-9 hPa in HV. However, in the averaged image in Figure
D.6, atomic ordering up to the surface is still visible and the distance from a grain
boundary to the surface is not changing with time. In addition, the O2 analysis of
the pressed electrode at a dose rate of 22.600 e−/(Å

2
s) and an accumulated dose of

4.082,400 e−/Å
2
indicates no dynamics or beam damage (see Figure 6.1 and Movie

S1). The orange markers in the �gure and movie show explicitly that the surface
is stable and that no atoms are removed. The same applies to electron beam sput-
tering which describes the removal of surface atoms. Due to the reduced number of
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bonds at the surface, the threshold energy for atomic displacements is also reduced.
However, no sputtering of the birnessite surface is observed in HV or O2 (see Movie
S1) on time scales of minutes, demonstrating that the energy threshold for electron
beam sputtering is not exceeded at the surfaces.
Secondly, inelastic electron-electron scattering can transfer energy to the speci-

men. The temperature rise is proportional to the beam current and typically in the
order of 1 K. [217,219] The analysis in HV and 1 hPa O2 yields no dependency of the
surface dynamic layer thickness on the dose rate/beam current, and thus, thermal
heating is neglectable.
Thirdly, the breaking of chemical bonds (radiolysis) originating from inelastic

scattering of electrons must be considered. In the cases of insulators and some
semiconductors, incident electrons can create holes in the valence band or inner
shell, which can di�use and break chemical bonds permanently. [219] In addition, for
transition metals, creation of the inner-shell holes on the metal site followed by a
Auger decay from the oxygen results in the ejection of the O atom, which �nally leads
to a metal-rich surface. [217] In HV, no breakage of bonds (reduction of crystallinity)
was observed under our conditions. Moreover, this e�ect should depend on the
dose rate, similar to the possible beam-heating described above, unlike the observed
surface dynamics.
Finally, electrostatic e�ects can lead to beam induced electric potentials due to

the emission of secondary electrons. [121] The value of the beam induced electric
potential depends on the dose rate and resistance of the TEM lamella. The series
resistance of the used birnessite lamella is estimated in a STM contact experiment
to R ≈ 5 · 1011Ω (see Figure D.14), which lies within the expected values from the
literature [88,220]. Following Mildner et al. [121] we calculate an induced potential of
1-SI6.5V for a variation of the beam current between 1 and 25 nA with equation (7)
in this reference. For a typical in-situ experiment in H2O with a dynamic surface
layer, we used a dose rate of 8000 e−/(Å

2
s) with a beam current of 4 nA, which

corresponds to a beam induced potential of 2.6 V. Thus, OER-like conditions for
the birnessite lamella in the ETEM can indeed be established in the presence of
water vapor and the electron beam. The drop of the dynamic surface layer thickness
below a dose rate of 5000 e−/(Å

2
s), as shown in Figure 6.3, may be interpreted as

being due to the reduction in the beam-induced potential from 2 V for a dose rate
of 5000 e−/(Å

2
s) to 1 V for 2000 e−/(Å

2
s). Although the thickness of the dynamic

layer does not increase with the beam-induced potential, there is indication for an
increase of speed/intensity of the dynamics. This can be visualized by a stronger
surface blurring for a higher induced potential in frames averaged over a short time
(1 s) than that for a smaller beam induced potential (see Figure D.15).

About the Nature of the Dynamic Layer

One important structural feature of birnessites is the intercalation of cations and
water molecules between MnO6-layers. The cations balance charge inhomogeneities
within the layer due to di�erent manganese oxidation states or vacancies. [84,221] A
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similar structure can be found in clays, which are capable of swelling due to a
change in the water content. [222] Hensen and Smit. [223] suggest the presence of one
water layer in the interlayer in low humidity and the location of the cations at the
edge of the water layer forming an inner-sphere surface complex, which is bonded
via hydrogen-bonds to the clay surface. With increasing humidity, the water layer
expands but the inner-sphere complex is preserved. At high relative humidity, the
cations are partially to fully hydrated and located in the center of the interlayer. [223]

The cation-clay interaction depends on the structure and charge distribution of
the clay layer and determines the bond strength of the inner-sphere complex. An
increase in the bond strength can prevent the swelling of the clay. [223]

In birnessites, the interlayer distance also depends on the type of the cation so
that, for example, with the incorporation of Mg2+, a buserite with a largely expanded
layer can be formed. [215] X-ray di�raction analysis of Appelo and Postma [224] indi-
cated a swelling of Ca-birnessite in 100% relative humidity, resulting in an increase
of the interlayer distance from ≈7 to ≈10Å. The formation of a dynamic and dis-
ordered birnessite surface layer with a thickness of the order of 6Å in the presence
of H2O suggests a hydration process at the near-surface area of the electrode. Due
to the relatively low water partial pressure in the ETEM experiments between 0.5
and 1 hPa, which is clearly below the equilibrium vapor pressure of liquid water
at room temperature, a liquid water layer can only be formed on the surface for
a large adsorption energy of H2O on surfaces. In the literature, the existence of
a few monolayers of H2O on oxide surfaces is suggested, because of the large neg-
ative adsorption energy of the order of −160 kJ/mol. [122,124�126] Some experiments
indicate that the thickness of the H2O surface layer does not signi�cantly change
over a pressure range of 10−7 to 10−2hPa. [126] This might explain the H2O pressure
independence of the dynamic surface layer thickness in Figure 6.3.
In the case of a hydrated surface layer in contact with H2O, the bond strength

may be reduced compared to that of crystalline birnessite in HV. Thus, the energy
threshold for beam-induced atom displacements is also reduced. However, if the
pronounced surface dynamics were caused by electron beam-induced atom displace-
ment or di�usion, this should also lead to a sputtering of the dynamic surface since
the energy thresholds for sputtering and displacement along the surface are com-
parable. [219,225] Despite the lower cross-section of sputtering than that of to surface
di�usion, [225] sputtering should be visible after several minutes due to the intense
surface layer dynamics. However, no distance change between the stable bulk fea-
tures and the dynamic surface develops, and hence, sputtering can be excluded
within the accuracy limit of our experiments (e.g., see Figure D.16 and Movie S3).
This suggests that the dynamics of the surface layer is not predominantly caused by
the electron beam induced atom displacement.
A partial or full hydration of the Ca2+ and Mn3+/4+ ions of the surface layer could

facilitate the dynamics of the ions, that would then form a disordered, liquid-like
state. The high stability of this layer in ETEM experiments also suggests a high
stability in electrochemical OER conditions. Our HRTEM analysis furthermore
indicates defect- and vacancy-rich birnessite layers, as already reported by Wiechen
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et al. [84]. In the presence of a surface water layer, hydration of the rough birnessite
surface layers might occur where H2O molecules are arranged around the Ca2+

and Mn3+/4+ ions, while still bonded to the MnOx surface. However, it cannot be
clari�ed whether the dynamics is caused by OER or a similar reactions. In previous
research, [29,205] an interaction of Ca2+ with phosphorus ions from a phosphate bu�er
and the formation of a phosphorous rich-amorphous surface layer were observed only
after OER. The in-situ study of the dynamic surface layer presented here can well
explain the formation of such an amorphous surface layer.
The detected oxidation of birnessites in O2 and H2O supports the presence of a

�exible manganese valence in birnessites, which depends on the ambient and electric
potential and might be a key characteristic for an e�cient OER catalyst. Since the
oxidation of the material via incorporation of oxygen species from the environment
takes place via the accessible surface, the manganese ions with increased oxidation
states may be mainly located in regions close to the surface, including the dynamic
surface layer. The higher oxidation state of Mn in H2O under reactive conditions
might also be the reason for the good stability of birnessites at OER conditions,
where the formation of Mn2+ would give rise to Mn leaching and, thus, electrode
corrosion. [90]

Altogether, we suggest that the formed dynamic surface layer of the birnessite
in H2O at a positive electric potential represents a partially hydrated state, where
Mn assumes a higher oxidation state due to the incooperation of additional OH-
anions. Although there are several di�erences between an in-situ ETEM experiment
in H2O and an OER in a liquid electrolyte, some of the features are comparable:
the presence of a condensed H2O layer on the birnessite surface as a prerequisite
for hydration and the beam-induced positive electric potential. This suggests that
a dynamic surface layer might represent the active state of birnessite and facilitate
oxygen evolution due to the increased reaction volume that also involves subsurface
regions. This might facilitate a simple charge transfer, �exible bond coordination,
and bond formation and breaking.

6.5. Conclusion

We analyzed printed and pressed birnessite electrodes under OER-like conditions
in the ETEM, that is, in H2O that forms a condensed surface layer under anodic
stimulation. Both types of electrodes show signi�cant surface dynamics in 1 hPa
H2O.
In contrast to Han et al., [226] who detected the formation of oxygen bubbles in

Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF) under OER conditions in an ETEM at low dose rates
of 1 e−/(Å

2
s), we observe bubble formation at moderate dose rates only in carbon-

containing printed birnessite electrodes. For carbon-free pressed electrodes, bubble
formation is clearly related to radiation damage. Indeed, BSCF particles are not sta-
ble and become amorphous under OER conditions. [227,228] This is di�erent compared
to birnessites which are stable OER catalysts [205].
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The second main observation is the emergence of an atomic surface dynamics
at birnessite in contact with H2O, which is absent in O2, inert gases, or vacuum.
We give evidence that this indicates an H2O intercalation into a region close
to the surface of the birnessite and the beam-induced potential as the probable
origin of the dynamic surface. The dynamic layer thickness above 5000 e−/(Å

2
s) is

independent of the electron dose rate. Together with the stability in HV and O2

and under OER-like conditions, this indicates that such atomic surface dynamics
is involved in the active state of the birnessite electrode. A comparison with the
literature suggests hydration of the surface birnessite layer. The EELS analysis
shows an oxidation of birnessite in H2O and O2, revealing the higher oxidation
state of the manganese in the dynamic surface layer. This emphasizes the �exible
Mn valence and stability of the catalyst, which might be a key characteristic for an
e�cient OER. In addition, the dynamic surface layer might be optimal for oxygen
evolution due to the high surface area, �exible Mn coordination, and the resulting
simpler bond formation and breaking.
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Movie S1: Pressed electrode in 1 hPa O2 with 22600 e-/(Å2s) and 8.6x speed
(MP4)
Movie S2: Pressed electrode in 1 hPa H2O with 60000 e-/(Å2s) and 6.2x speed
(MP4)
Movie S3: Pressed electrode in 1 hPa H2O with 7100 e-/(Å2s) and 4.1x speed
(MP4)
Movie S4: Pressed electrode in 1 hPa O2 with 7500 e-/(Å2s) and 8.6x speed (MP4)
Movie S5: Printed electrode in 1 hPa O2 with 7400 e-/(Å2s) and 4.1x speed (MP4)
Movie: S6: Printed electrode in 0.1 hPa H2O with 5000 e-/(Å2s) and 22.3x speed
(MP4)
Movie: S7: Printed electrode in 1 hPa H2O with 7700 e-/(Å2s) and 11.2x speed
(MP4)
Movie S8: Pressed electrode in HV (no cold trap) with 42000 e-/(Å2s) and 6.2x
speed (MP4)

TEM data including FFT analysis, single frames from the movies, and IV curve
of a lamella, representative illustration of MLLS �tting, additional EELS spectra of
the carbon and O-K edge and EELS Mn-L edge spectra used for valence analysis
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Chapter 7.

General Discussion and Summary

In this work three partially disordered material systems for use in a water splitting
integrated device were studied by means of electron microscopy. Following the three
main components of an integrated device, this work has been subdivided into the
OER, HER and the protection of a photoabsorber. With Birnessite (δ-MnO2) and
MoS2+δ two catalysts with a high abundance and low cost, but high performance,
were investigated as possible substitutes for expensive and non-abundant precious
metal catalysts. The analysis of partially disordered systems is challenging due to
the importance of inhomogeneities down to the atomic level. Thus, a structural
analysis by XRD is often not su�cient, especially for amorphous materials, and
HRTEM is recommendable.
To protect the Si solar cells from corrosion in an integrated device, an amorphous

TiO2 layer was utilized in chapter 3. However, after 1 h of operation in 1 M KOH,
the potential drops and the formation of pinholes in the device is visible. In general,
the ultra-thin TiO2 layer of only 4-7 nm is stable under reactive conditions, but
Cl impurities were revealed to start the corrosion process. A reduction of Ti4+ to
Ti3+ is suggested due to the replacement of O with Cl which consequently leads
to a leaching of Ti2+/3+. The pinhole formation can be delayed by increasing the
thickness of the TiO2 layer [131], which is in accordance with our corrosion model,
but not desirable due to an increase in electric resistivity.
One reasonable solution for this problem is the optimization of the ALD process.

The TiO2 layer thickness and also the Cl content is inhomogeneous, i.e., the thicker
layers contain less Cl, have a higher Pt catalyst coverage and are more stable.
A higher Pt coverage is also suggested to reduce the dissolution of TiO2 and Si
(see chapter 3). A second solution would be the replacement of the Cl containing
precursor for the ALD process.

For an e�cient integrated water splitting device, a HER catalyst on the photocath-
ode is required. With MoS2+δ, an abundant, highly active and partially disordered
HER catalyst was analyzed in chapter 4 as an alternative to the non-abundant and
expensive platinum. However, the structure of MoSx is controversially discussed in
literature [22,53,54]. Especially for the partially disordered Molybdenum sul�des, the
structure determination is essential for a rational catalyst design.
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The structure of MoS2+δ was determined to be a partially disordered nanocrys-
talline variant of MoS2 with a very small grain size. In addition, [Mo3S13]2− cluster
like defects and disclinations are formed. Due to disorder, the Mo-Mo distance is
locally reduced and the c-axis is increased in average. As a result, the number of
coordinatively modi�ed Mo is increased which is also supported by the scaling of the
activity with Mo. For crystalline MoS2 the active sites are located at the edges [55�57]

which makes a partially disordered system with a high number of edges bene�cial,
and in-plane defects also make the basal plane basically active. In addition, cluster-
like structures, which are known for their high activity [35,59], appear within the lat-
tice planes as well as at their edges. In accordance with our structure model, XPS
typically indicates bridging and terminal disul�des as well as unsaturated Molybde-
num and Sulfur ions for MoSx with 2 < x < 4 [23,39,40,60,61]. The observed structural
changes thus explain the high density of catalytic active sites which are present at
the defective nanocrystalline planes as well as at their edges and, in consequence,
could very well explain the much higher HER activity of MoS2+δ compared to MoS2.
MoSx can be prepared via di�erent routes, e.g. by solvothermal synthesis or

electrodeposition, and also di�erent precursors can be used, resulting in a varying
S:Mo ratio and maybe even di�erent crystal structures. Sulfur-rich materials with
a S:Mo ratio larger than 4 could comprise a higher amount of cluster features as
suggested by Tran et al. [53]. A ratio closer to 2 might result in a more MoS2-like
structure as indicated by our XRD analysis. Thus, the suggested structure model
applies only for MoSx with 2 < x < 4. However, the observed crystallization of
amorphous MoSx to MoS2

[49,50] indicates the thermodynamic stability of MoS2

related structures, like the structure of our suggested model, under HER conditions.
It also emphasizes the importance of future HRTEM analysis of structural changes
of MoSx during electrolysis.

Besides the HER catalyst, an OER catalyst is also needed in an integrated water
splitting device. The emphasis in this work is on the manganese oxide OER catalyst
Birnessite (δ-MnO2). In chapter 5 and 6 the active state and the changes during
OER of Birnessite are analyzed. For the Ca-Birnessite the operation in phosphate-
based electrolytes seems to be particularly advantageous. A post-mortem analysis
of the electrolyzed sample in a phosphate bu�er revealed a leaching of Calcium and
the formation of an amorphous and Phosphor rich surface layer. The incorporated
Phosphor in the surface is proposed to act as an �acceptor base� [229] for the de-
protonation step, and thus it might explain the higher activity of Birnessite in a
phosphate bu�er.
In principal two ways the surface layer was formed are possible: 1) An amorphiza-

tion of the nanocrystalline Birnessite surface, leaching of Ca and incorporation of
P into the amorphous layer. 2) First, a leaching of Ca and Mn into the electrolyte
and then redeposition of P, Ca and Mn under reactive conditions. The formation of
an amorphous MnOx layer under oxidizing conditions is in accordance with reports
from literature [76,171,230,231]. However, the type of formation mechanism could not
be identi�ed by the post-mortem experiments.
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More insights are gained with in-situ ETEM studies from chapter 6. Here, the
formation of a dynamic disordered surface layer was observed under OER-like con-
ditions which �ts in with the amorphous P-rich surface layer from the post-mortem
experiments. We suggest an interaction of Birnessite with the water vapor and the
beam induced positive electric potential as the origin and interpret the observation
as a hydrated disordered and highly dynamic Birnessite surface layer under OER-
like conditions. Although redeposition is not possible in the ETEM experiment
in H2O water vapor, the dynamic surface layer indicates that mechanism 1), the
amorphization of the surface, plays a role in the formation of the surface layer in
electrolytes. However, the in-situ identi�ed dynamic layer thickness of ≈6Å is sig-
ni�cantly smaller compared to the P rich surface layer of ≈25 nm after electrolysis
in phosphate bu�er. The thickness of the dynamic surface layer might be limited by
the water layer in ETEM on top of the lamella surface and would be thicker with a
real electrolyte. However, no formation of a signi�cantly thick1 amorphous surface
layer is observed with imidazolium sulphate, indicating that the formation of the
thick amorphous surface layer is associated with the electrolyte selection. Hence,
the relevance of mechanism 2), the redeposition of an amorphous MnOx material,
might depend on the electrolyte.
In a phosphate bu�er, when mechanism 2) might be relevant, the redeposition

could represent an electrolyte dependent self-healing process. Huynh et al. [70] sug-
gested the ability of MnOx electrodes to maintain self-healing for electrolytes with
pH greater than 0. The lack of long-term stability of the Birnessite electrodes in
imidazolium sulphate together with the absence of the thick amorphous surface layer
under these conditions supports this assumption.
Typically, the Birnessite electrodes are highly porous, so an increase of the current

density2 with increasing layer thickness is expected. Due to a competition of the
proton-electron/hole transport with the consumption of holes in catalytic reactions,
an optimal thickness exists [70]. However, a volume activity going beyond the activity
on the pore surfaces is suggested by Lee et al. [89] and Melder et al. [67]. In this
context, the dynamic surface layer as observed in the ETEM experiments could also
be interpreted as a catalytic activity in the dynamic subsurface (< 6Å). In addition
to the porous structure, the oxidation of the carbon and the bubble formation in
the printed electrode lamella also suggests the presence of �ne pathways into the
electrode for H2O and O2, which might have not been detected by the determination
of the active surface area dependent on the deployed method.
By means of in-situ EELS, the oxidation of Mn at the surface from +3.3 in HV

to +3.9 in OER-like conditions was observed which is also supported by the post-
mortem XANES analysis. A �exible mixture of Mn3+ and Mn4+ is suggested to be a
key characteristic for e�cient OER by manganese oxides [26,86,179,180]. For Birnessite
the Mn valence and Ca:Mn ratio is correlated with the structure. Hence, the struc-

1Signi�cantly thick in the sense of larger than 0.6 nm. The detection of the formation of an 0.6 nm
thick amorphous surface layer on a partially disordered material after electrolysis is challenging
but could be possible with identical location TEM (IL-TEM) or a suitable liquid cell holder.

2Current density normalized to the geometric area.
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ture also has a large impact on the activity which is exempli�ed by the inactive,
regularly assembled and layered Birnessite with an oxidation state of 4+ reported
by Zaharieva et al. [18]. A high disorder leads to a heterogeneous ligand environment
of coordinatively unsaturated µ-oxo bridges and terminal coordination sites for wa-
ter binding which is suggested to increase OER rates [18]. This is supported by the
structure model of Mattioli et al. [167] where the active MnOx catalysts are formed by
interconnection of small planar Mn-oxido sheets with introduced disorder by out of
plane linked Mn atoms. Undercoordinated Mn3+ at the edge of the network might
act as hole traps and facilitate the OER [167]. The activity of the Birnessite catalyst
from chapter 5 and 6 with its small and partially disordered crystal plates �ts in well.
Furthermore, the dynamic surface layer could o�er the suggested ideal conditions
for OER with

· a �exible structure consisting of a heterogeneous ligand environment, coordi-
natively unsaturated µ-oxo bridges and terminal coordination sites for water
binding,

· an average Mn valance state greater than +3.5 which can dynamically change
due to the �exible structure,

· a good accessibility of the catalytic centers,

· the presence of secondary cations to assist oxidation by activating of H2O,

and thus explain the high activity of Birnessite.
Here, a similarity to the partially disordered MoSx in respect to the modi�ed

coordination stands out. In the case of MoS2+δ the disorder also leads to a
coordinatively modi�ed Mo network and changes in the Mo-Mo distance. In both
cases the disorder leads to a change of the coordination and the creation of a
heterogeneous ligand environment which is suggested to improve the activity of the
OER/HER catalyst.

This work demonstrates the potential of partially disordered systems for the use
in integrated water splitting devices and the capability and necessity of detailed
TEM studies on partially disordered systems for water splitting. The determination
and analysis of the catalyst's active state and its dynamics are crucial for a rational
catalyst design, and thus a real space visualization is highly desirable. The visual-
ization by in-situ ETEM and the analysis of the dynamic surface layer of Birnessite
in this work is an important step towards an understanding of the dynamics in the
active state of partially disordered systems during OER. It further emphasizes the
importance of a detailed real space structural analysis, especially for catalysts un-
der reactive conditions, and thus motivates further developments of in-situ ETEM
methods.
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Figure A.1.: Platinum particle size and density from di�erent areas of the a-
Si:H/a-Si:H/100xTiO2/Pt photocathode. left: low Pt density; right:
high Pt density.

Figure A.2.: TEM bright �eld images of the TiO2 layer from di�erent areas of the
a-Si:H/a-Si:H/100xTiO2/Pt photocathode after 1 h of electrolysis.
left: high Pt density; middle: hole; right: low Pt density.
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Figure A.3.: Surface with platinum particles of the pristine photocathode in the
left image and after 6 h of electrolysis in KOH in the right image.

A SEM image of a triple cell based photocathode is shown in �gure A.5. The
typical two region of Pt rich and poor coverage can be distinguished. Table A.1
displays the similar Pt densities compared to the a-Si/a-Si/100xTiO2/Pt sample.
But in contrast to the a-Si/a-Si/100xTiO2/Pt sample both areas are corroded. The
reason is the thinner TiO2 layer of the triple based cathode (table A.2). The smaller
average hole diameter in Pt ritch areas indicates additionally that a good Pt coverage
slows down the dissolution of Si.

Table A.1.: Overview of the hole density, Pt density and the average hole diameter.
Hole Density Pt Density Av. Hole diameter
[10−3 · 1/µm2] [%] [nm]
H.Pt L.Pt H.Pt L.Pt H.Pt L.Pt

a-Si/a-Si/
100xTiO2/Pt - 36.8 54.3 0.9 - 3000 ± 1100
a-Si/a-Si/
µc-Si/100xTiO2/Pt 4.0 4.8 59.1 0.1 3100 ± 2600 7800 ± 3400a)

a) Sample shows a scratch which results in an overestimation of the average hole
diameter

Table A.2.: Overview of the average TiO2 layer thickness of the triple and tandem
cell device in the H.Pt and L.Pt areas.
d̄T iO2/nm H.Pt Hole L.Pt

a-Si/a-Si/100xTiO2/Pt 7.4 ± 1.2 4.8 ± 1.3 5.4 ± 0.8
a-Si/a-Si/µc-Si/100xTiO2/Pt 3.2 ± 0.6 - 3.2 ± 0.9
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Figure A.4.: EDX analysis of a hole in a a-Si:H/100xTiO2/Pt photocathode. A:
vertical line scan; B: horizontal line scan; C: SEM image of the re-
gion of interest, the small ticks indicate the measurement points; D:
spectra of the vertical line scan; E: spectra of the horizontal line scan.

Figure A.5.: SEM image of a-Si/a-Si/µc-Si/100xTiO2/Pt triple junction photo-
cathode, showing degradation by hole formation in both areas (H.Pt
at the right side of the image and L.Pt at the middle and left side of
the images).
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B.1. XRD

XRD SAD XRD SAD Literaturea)

MoS2.6 MoS2.6 MoS3.4 MoS3.4 MoS2 (hkl)
Å Å Å Å Å Å
7.37 8.19
6.29
6.08 6.15 002

4.51 2.74 100
3.18

2.70 2.63 2.67 101
2.51 2.50 102
2.15 2.28 2.14 2.35 2.28 103
1.89 1.87 1.98 1.83 105
1.62 1.46 1.62 1.52 1.57 110

1.04 1.09
a) Structure model of Wildervanck et al was used. [47]

Table B.1.: Comparison of the experimental (XRD) dhkl from �gure 4.2 for the
most intense XRD re�ections of MoS2

a) and selected area electron
di�raction (SAD) pattern from Figure 4.3.

B.1.1. Rietveld re�nement

Figure B.1.: Plot of the Rietveld re�nement of MoS2.
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χ2 Rwp G
2.857 0.1847 1.005 ± 0.003

Table B.2.: Goodness parameters and correction factor for the texture.

a b c
Å Å Å

3.16354 ± 0.00014 3.16354 ± 0.00014 12.3086 ± 0.0008

Atom a b c
Mo 0.3333 0.6667 0.2500
S 0.3333 0.6667 0.6225 ± 0.0003

Table B.3.: Re�ned lattice parameters and atom positions of MoS2.

B.2. TEM

Figure B.2.: Selected areas electron di�raction (SAD) pattern of A: MoS2.6; B:
MoS3.4; C: MoS2.

In Table B.4 the most intense lattice re�ections of MoS2 from the structure of
Wildervanck et al. [47] are compared to experimental selected area electron di�raction
(SAD) results of MoS2, MoS2.6 and MoS3.4 after creating di�racted intensity pro�les
via circular integration as shown in Figure 4.3. There, the experimental numbers
give the peak positions and the grey shadow represents the peak width. For MoS2

every lattice re�ection with F2 > 106 can be assigned. Some of the re�ections are
hidden in the �anks in the intensity pro�le (Figure 4.3) due to their lower intensity
but are visible in the di�raction pattern in Figure B.3. The (004) re�ection is
probably missing due to its low structure factor and the (002) re�ection is missing
for all samples due to its overlap with the zero beam. The SAD intensity pro�les of
MoS2.6 and MoS3.4 is similar to the pro�le of MoS2, but their shape is signi�cantly
broadened. Thus, most important MoS2 re�exes can be assigned to the SAD data
of the partially disordered systems. However, in the range of 1.29Å and 1.15Å no
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broadened re�exes are visible for MoS2.6 and MoS3.4, in contrast to the expected
di�raction maxima from the literature as well as the experimental MoS2 data. This
could indicate an increase of disorder for these lattice planes. In addition, the (004)
re�ection can be assigned to the MoS2.6 data. The increased disorder in c direction
could explain why these re�ections are visible compared to MoS2. This is supported
by XRD (main text Figure 4.2) which show in general a lower order compared to
MoS2 but a sharp c-direction compared to MoS3.4.

Literature [47,232] Experimental
MoS2 MoS2 MoS2.6 MoS3.4

d [Å] (h k l) F2 d [Å] d [Å] d [Å]
6.147 0 0 2̄ 4.61 · 108 Overlapp with zero beam
3.074 0 0 4̄ 4.85 · 106 3.18

2.737
1̄ 0 0

1.40 · 109 Could be hidden in
�ank1̄ 1 0

2.671 1̄ 0 1̄ 6.98 · 107
1̄ 0 2̄

2.500
1̄ 1 2̄

7.01 · 108
2.52 2.31 2.35

2.276 1̄ 0 3̄ 5.62 · 109
2.049 0 0 6̄ 2.86 · 108 2.13
2.044 1̄ 0 4̄ 7.43 · 106 1.99
1.830 1̄ 0 5̄ 6.66 · 109 Hidden in �ank

1̄ 0 6̄ 1.72
1.640

1̄ 1 6̄
4.36 · 108

1.580
2̄ 1 0

5.77 · 109 Hidden in �ank
1̄ 1̄ 0

1.537 0 0 8̄ 1.80 · 109
2̄ 1 2̄ 1.52

1.530
1̄ 1̄ 2̄

2.88 · 109

1.478 1̄ 0 7̄ 2.47 · 108 1.47 1.45
1.405 2̄ 1 4̄ 3.06 · 107 1.42

1.368
2̄ 0 0

1.46 · 109

Hidden in �ank
2̄ 2 0

1.360 2̄ 0 1̄ 7.28 · 107
1.340 1̄ 0 8̄ 2.75 · 109
1.336 2̄ 0 2̄ 7.29 · 108
1.298 2̄ 0 3̄ 5.84 · 109

2̄ 1 6̄ 1.27
1.251

1̄ 1̄ 6̄
1.79 · 109

2̄ 0 4̄
1.250

2̄ 2 4̄
7.71 · 106

1̄ 0 9̄
1.222

1̄ 1 9̄
5.87 · 106

1.196 2̄ 0 5̄ 6.93 · 109 1.20
1.138 2̄ 0 6̄ 4.53 · 108 Hidden in �ank
1.102 2̄ 1 8̄ 1.13 · 1010 1.11
1.079 2̄ 0 7̄ 2.57 · 108 1.06 1.089

3̄ 1 0 1.04
1.034

2̄ 1̄ 0
3.02 · 109

3̄ 1 1̄
1.031

2̄ 1̄ 1̄
1.51 · 108

1.022 2̄ 0 8̄ 2.86 · 109
1.020 3̄ 1 2̄ 1.51 · 109
1.003 3̄ 1 3̄ 1.21 · 1010
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Table B.4.: Overview of the most intense lattice planes (F2 > 106 and d > 1Å) in
electron di�raction of MoS2 compared with experimental SAD data for
MoS2, MoS2.6 and MoS3.4 from Figure B.3 and main text Figure 4.3.
The structure model of Wildervanck et al. [47] and the atomic scattering
factor from Colliex et al. [232] were used to calculate the structure factor
F.

d100 d001

Å Å

MoS2.6

2.70 ± 0.05 12.40 ± 0.09
2.60 ± 0.05 12.57 ± 0.09
2.66 ± 0.05 13.38 ± 0.10
2.45 ± 0.05 14.05 ± 0.10
2.56 ± 0.05 13.29 ± 0.10
13.30 ± 0.10
11.15 ± 0.09

MoS3.4

2.75 ± 0.05 13.19 ± 0.08
2.71 ± 0.05 15.93 ± 0.10
2.61 ± 0.05 11.79 ± 0.07
2.79 ± 0.05 14.28 ± 0.09
2.73 ± 0.05 12.54 ± 0.08

Table B.5.: Result from the FFT analysis of HRTEM images of MoS2+δ visible in
Figure B.3
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Figure B.3.: HRTEM images of A: MoS2.6 and B: MoS3.4 used for the lattice pa-
rameter analysis in Table B.5.
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Figure B.4.: Representative HRTEM images of MoS2 and their FFTs. A: in-
plane (1/d=(0.357±0.007)1/Å → d=(2.80±0.06) Å); B: out of plane
(1/d=(0.078±0.004) 1/Å → d=(13.1±0.7) Å).
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Figure B.5.: Reduced FFT of HRTEM image from �gure 4.5 A & B which were
used to create the intensity pro�les in �gure 4.5 C. A: FFT of small
red area in �gure 4.5 A left; B: FFT of �gure 4.5 A right (entire
image, orange); C: FFT of small blue are in �gure 4.5 A right; D:
FFT of small green area in �gure 4.5 B left.
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B.3. SEM

The geometric factor FG is de�ned as the increase of the geometric surface area
of the electrode after taking particle size and shape into consideration. Figure B.6
shows the shape of the particles of the commercial MoS2 and the synthesized MoS2.6

and MoS3.4 powder. For the MoS2+δ particles no di�erence between the two batches
is visible and the shape is approximated with a sphere (rS: radius) resulting in a
surface area of

AO,S = 4 · π · r2
S.

The MoS2 particles are approximated with a �attened rotational ellipsoid (rE: in
plane radius, h: height; rE>h):

AO,E = 2 · π · rE

(
rE +

h2√
r2
E − h2

arsinh

(√
r2
E − h2

h

))
Taking the di�erent projected base areas AC,E/S = π · r2 into account, the geo-

metric factor can be described by:

FG,MoS2 =
AO,E

2 · AC,E
, FG,MoS2+δ

=
AO,S

2 · AC,ES
With an average diameter of 2 · rS = (0.18 ± 0.06) µ m for MoS2+δ, 2 · rE =

(0.8 ± 0.9) µ m and a height of h =0.04µm for MoS2 this results in a geometric
factor of

FG,MoS2 = 1.03 and FG,MoS2+δ
= 2. (B.1)

Thus, the surface of the MoS2+δ electrode is by factor of ≈1.9 larger than the
MoS2 surface due to particle size and shape.
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Figure B.6.: SEM images for particle size and shape analysis of A: MoS2 pow-
der; B: MoS2.6 powder and C: MoS3.4 powder representative for the
MoS2+δ sample in di�erent magni�cations. The powders are dispersed
on a carbon membrane to separate the particles.
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B.4. EC

Figure B.7.: Cyclic voltammetry (cycle 6) in sulfuric acid (0.5 M, pH 0.3) of: Top:
the two MoSx samples and MoS2 normalized to Mo content (scan rate
20 mVs−1); Bottom: The blank carbon electrode.
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C.1. Experimental details

C.1.1. Materials

With the exception of the Ca-birnessite powder, all chemicals used in this study were
purchased commercially and used as received. The electrolyte solutions were pre-
pared using ultrapure water from an ELGA PURELAB �ex 4 water-puri�cation
system (resistivity > 18 MΩ · cm) and the following analytical grade chemicals
(provider's name in brackets): KOH (Sigma Aldrich), KH2PO4 (VWR), K2HPO4

(Grüssing), imidazole (Chempur), H2SO4 (VWR) and K2SO4 (Roth). The OER cat-
alyst material used for this study was a previously described, synthetic Ca-birnessite
of the approximate stoichiometry Ca0,2MnO2.21· 1.4H2O1 which was screen-printed
onto FTO-coated glass slides (Sigma Aldrich, 7 Ω · cm−2) following a previously re-
ported procedure. [89]

C.1.2. Electrocatalysis

Electrochemical experiments were carried out using a Princeton Applied Research
Versastat 4 potentiostat / galvanostat equipped with a FRA module for electrochem-
ical impedance spectroscopy (EIS) measurements. All experiments were carried out
in standard 100 mL electrochemical cells (Metrohm) in a three-electrode con�gura-
tion consisting of a double junction Ag/AgCl reference electrode (Metrohm, inner
electrolyte 3 M KCl), a Pt rod counter electrode and the Ca-birnessite electrodes
serving as working electrodes. An overview of the employed electrolyte solutions
is given in Table C.1. All cyclic voltammograms were iR-compensated to 100 %.
Prior to the experiments, the uncompensated resistance was determined by EIS.
Please note that all experimental electrode potentials given in this report have been
converted to the reversible hydrogen electrode (RHE) scale.

electrolyte pH κ / mScm−1 bu�ering acid / base pair

H2PO−4 / HPO2−
4 7,0 15,7

imidazole / H2SO4 7,0 15,4
K2SO4 7,0 20,3 -

Table C.1.: Compositions, basic properties and relevant bu�ering acid / base pairs
of the three electrolyte systems used in this study. The total con-
centration of phosphate, imidazole or sulfate was 0.1 M in each case,
respectively.



C.1. Experimental details 145

Figure C.1.: Cyclic voltammograms of Ca-birnessite-coated FTO-slides immersed
in a) phosphate (pH 7), b) imidazolium (pH 7) and c) potassium sul-
phate solutions. In each case, the CVs for the �fth cycle are shown.
Orange curves indicate data for bare FTO-coated glass slides im-
mersed in the respective electrolytes. The concentrations of the re-
spective bu�er anions were carefully adjusted to: 0.1 M. The CV
sweep rate was set to 20 mV · s−1 in all cases.
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C.2. Electron Microscopy

Figure C.2.: HRTEM-image of a Ca-birnessite electrode coated with a 0.2µm thick
catalyst layer. Left: pristine sample with inset showing the pristine
nanocrystalline surface; right: sample after 12 h of electrolysis the
phosphate bu�er.

Figure C.2 shows two HRTEM-images of the ≈ 0.2µm thick virgin sample (left)
and another sample after 12 hours electrolysis (right) in the phosphate bu�er at an
overpotential of 533 mV at pH 7. Nanocrystals with a diameter of a few nanometers
can be observed in both samples and is not in�uenced by the choice of the substrate.
The nanocrystalline structure is in good agreement with the electron di�raction
patterns in Figure C.3, showing di�raction rings which are broadened due to the nm
scale grain size. After electrolysis, the formed P-rich surface layer is visible. This
surface layer is much less ordered than the primary birnessite and most probably is
amorphous.
In Figure C.3, the selected area electron di�raction (SAED) pattern of two types

of ≈ 4µm thick birnessite �lms on FTO substrates are shown. Figure S3 A shows
the virgin sample and B another sample after 9 h electrolysis. Rings with di�raction
spots are in both cases visible. The measured lattice plane spacing is noted in the
di�raction pattern as well as in the radial intensity pro�les of the di�raction pattern
in �gure S3 C and D. Note that the di�ractions re�exes at 1.52Å and 1.77Å for
the as prepared sample are only visible in the SAED patter and not in the radial
intensity pro�les due to their sparse appearance. No signi�cant changes in the lattice
spacings can be observed after the electrolysis within the accuracy limit of 2%. In
Table C.2, the measured lattice spacings are assigned to lattice planes of birnessite.
The structure model from Lopano et al. [81] and the electron atomic scattering factors
from Colliex et al. [232] was used to calculate the plane spacing dhkl and the structure
factor F. Note that only theoretical lattice spacings are given for those hkl with a
large structure factor. In both HRTEM and SAED no (002) lattice plane is visible
despite of its relative high structure factor (F2 = 6·107) indicating a poor c-axis



C.2. Electron Microscopy 147

ordering. Consequently {001} lattice planes are not included in Table C.2 and in
addition less intense in-plane lattice planes like (200) with a F2 > 105 are added.

Figure C.3.: Electron di�raction pattern (top) and associated radial intensity pro-
�les (bottom) of the Ca-birnessite layer. A and C: as prepared; B
and D: after 9 h electrolysis in phosphate bu�er.

The minor variation in intensity and broadness of the di�raction rings between
the two samples are probably due to slight di�erences in the lamella thickness, grain
size and number. Because of the relative breadth and partial overlap of di�raction
rings, a distinct assignment of birnessite lattice planes to the di�raction rings is
not possible. Instead Table C.2 show which theoretical birnessite lattice planes are
consistent with the di�raction rings within the measurement accuracy of 2% which
is represented by the grey shading. Overall, the birnessite structure is in accordance
with the di�raction data with three noticeable deviations: 1) The {001} lattice
planes are missing probably due to a high c-axis disorder as mentioned earlier. 2)
The (100) lattice plane at 5.05Å overlaps with the zero beam and thus is not visible.
3) The di�raction ring at (1.53 ± 0.05) Å is very weak and broad. As a result, the
calculated dhkl re�exes in between 1.7Å and 1.4Å could be very well hidden in the
�ank, however, are not assigned to the data.
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theoretical3,4 as prepared after electrolysis
d (hkl) F2 d d
Å Å Å
5.05 1̄ 00 1.02·106

2.67 1̄ 02̄ 2.46·106

2.64 01̄ 1̄ 1.56·106 2.64 ± 0.14 2.63 ± 0.14
2.53 2̄ 01 5.88·106

2.52 2̄ 00 9.24·105

2.49 110 2.02·107

2.47 1̄10 7.69·106

2.42 1̄1 1 5.79·107 2.39 ± 0.12 2.34 ± 0.11
2.28 111 3.27·107

2.25 2̄ 01̄ 2.72·107 2.22 ± 0.10
2.12 1̄ 12 2.83·107 2.16 ± 0.10
1.95 112 1.32·107 1.96 ± 0.08
1.89 2̄ 1̄ 0 9.46·106 1.89 ± 0.08
1.80 1̄13 9.78·107

1.77 211 1.11·107 1.75 ± 0.07 1.75 ± 0.07
1.68 3̄00 2.73·106

1.64 113 5.80·107

1.58 212 1.27·107

1.58 2̄ 03̄ 2.62·107

1.51 1̄14 1.99·107 1.53 ± 0.05 1.53 ± 0.05
1.47 3̄ 1̄1 1.37·107

1.45 3̄ 10 9.63·107

1.45 3̄1 0 2.70·107

1.43 3̄1 2 3.06·107

1.42 3̄ 12 8.31·107

1.42 02̄0 7.05·106

1.40 02̄1 4.44·107

1.39 213 1.43·107

1.38 2̄ 13̄ 2.47·107

1.37 1̄2 0 8.31·106 1.37 ± 0.04
1.35 2̄ 05 3.20·107

1.33 3̄ 13 1.43·107 1.33 ± 0.04
1.28 1̄1 5 6.67·107

1.28 4̄ 01 3.52·107

1.27 3̄ 12̄ 4.76·107

1.26 122 1.11·107

1.26 4̄00 1.19·107 1.26 ± 0.04
1.24 2̄ 20 1.40·107 1.24 ± 0.04
1.24 2̄21 3.55·107

1.24 2̄ 2̄ 0 5.27·107
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1.22 2̄1 5 1.06·107

1.22 3̄ 14 4.45·107

1.21 2̄ 2̄ 2 2.78·107

1.21 4̄ 03 9.56·107

1.21 214 1.59·107

1.20 3̄ 05 7.30·107

1.20 2̄ 22 2.07·107

1.20 4̄ 01̄ 2.40·107

1.19 115 7.15·107

Table C.2.: Assignment of the lattice spacing to calculated lattice planes of birnes-
site. The calculated lattice planes which are within the 2% measure-
ment accuracy of the experimental di�raction ring centres are indicated
with a grey shading The structure model of Lopano et al. [81] and the
atomic scattering factor from Colliex et al. [232] were used to calculate
the structure factor F.

Figure C.4.: EDX element analysis of birnessite after electrolysis in di�erent elec-
trolytes. A: TEM EDX sum spectrum from the elemental mapping
shown in Fig. 5.4 A right in the main text (∼ 4µm thick birnes-
site electrode after 9 h of electrolysis in Na-phosphate bu�er (η =
530 mV)); B: SEM EDX 4x4 point grid of 4µm thick birnessite elec-
trode after 9 h of electrolysis in H2SO4 adjusted with Imidazole to pH
7. The Si peak is a spurious signal from the detector and the small
Sn signal originate from the substrate (FTO). The slight traces of Cl
might stem from a tiny leak of the AgCl reference electrode.

Figure C.5 shows an EDX linescan of a 4µm thick sample after 9 h of electrolysis.
The red arrow in the HAADF-image points the direction and position of the scan.
In comparison to the linescan in Figure 5.5 C of the main text, the spatial resolution
is much higher. The Mn-concentration roughly correlates to the thickness contrast
of the HAADF-image and shows to separate particles. The highest P/Mn-ration
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can be found at the edge of the pore. This is in agreement with the linescan shown
in Figure 5.4 C. Within the particle the P/Mn-ratio is not signi�cant, however, the
P/Mn-ratio increases close to the interface between the two particles. To strengthen
the signi�cance of the P/Mn ratio, the EDX spectra for selected points are also
shown in Figure C.5. The EDX spectra clearly present a Phosphorous signal at the
pore surface at spectrum #2, 7 and 8. Within the particle the P-signal is close to
the noise level which is exempli�ed by spectra #3 and 6. The high P/Mn ration for
the �rst measuring point appears only because of the Manganese content is close
to zero. Since the P signal is close to the noise level in spectrum 1, we cannot
determine an accurate P/Mn ratio and thus no error bar is plotted for the P/Mn
ratio. This indicates that in addition to the electrode surface and the surfaces of
the pores, phosphorous is also located on the surfaces / interfaces of the birnessite
nanoparticles and is below a level of one atomic percent in the nanoparticles volume.

Figure C.5.: EDX linescan of a 4µm thick sample after 9 h of electrolysis in phos-
phate bu�ered electrolyte. The spectra #1-3 and #6-8 correspond to
the �rst 3 and the grain boundary data points in the top left �gure.
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C.3. Spectroscopy

Interestingly, a Mn2+ signal (peak at 640.5 eV) is also present in all samples except
the powder sample. It is especially pronounced for freshly prepared electrodes, where
Mn-reduction most likely occurs by the carbon-containing ink. Furthermore, studies
shown that Mn2+ ions can also be generated by X-ray irradiation of MnOx, so it
cannot be ruled out that the described increase of the Mn2+ concentration is merely
an artefact (however, concerning the issue of beam damage). [200]

Figure C.6.: Stability studies for NEXAFS Mn L-edge measurements. For each
sample, a new spot was chosen and three full scans (625-670 eV) were
recorded on the same spot. color code: 1st spectrum - black, 2nd
spectrum - dark yellow, 3rd spectrum - wine).
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Figure C.7.: X-ray photoelectron survey spectra (XPS, hν = 1486.7 eV) of di�erent
Ca-birnessite samples. red: synthetic Ca-birnessite powder, blue:
screen printed, 10µm thick Ca-birnessite layer on FTO substrate after
annealing at 450◦C and orange: XPS of an electrode after 16 h of OER
electrocatalysis in 0.1 M Imidazole - SO2−

4 bu�er (η = 540 mV).

Figure C.8.: X-ray photoelectron spectra for the O 1s region for three Ca-birnessite
samples: red: Ca-birnessite powder sample, green: screen printed,
10µm thick Ca-birnessite layer on FTO substrate after annealing at
450◦C and blue: XPS of an electrode after 16 h in 0.1 M phosphate
bu�er under OER conditions (η = 540 mV). The spectra on the left
were recorded with a kinetic electron energy of 200 eV, those on the
right for 830 eV.

Reference spectra and linear combination analysis (LCA)

� Reference spectra and di�erence spectra
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Figure C.9.: From the top: a) Mn L3-edge reference spectra; c-d di�erence spectra
of Mn L3 edge; b) di�erence spectrum of the pristine electrode minus
the powder Birnessite; c) di�erence spectrum of the pristine electrode
minus the electrode after electrochemistry d) di�erence spectrum of
the sample after electrochemistry minus the pristine electrode.
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� Linear Combination Analysis (LCA)

Linear combination analysis (LCA) is performed by using a self-written python
3.7 script. MnO, Mn3O4, Mn2O3 and α-MnO2 are used as components. A simple
least square �t is applied to determine the composition of the of the investigated
samples. A variety of 0.1 eV in excitation energy is allowed for the �tted data to
account for uncertainty in energy calibration. Since the Mn L3-edge is more sen-
sitive to the local manganese environment, the �tted region is restricted between
638 and 648 eVexcitation energy. Reference spectra and invested spectra are pro-
ceeded in the same way; photon�ux normalization, linear background subtraction
and normalization to the edge jump at 665 eV. The MnO, Mn3O4, Mn2O3 references
(Fig. C.9) were synthesized by the group of Philipp Kurz, University Freiburg. The
MnO powder was heated to 200◦C in UHV prior the reference spectrum was taken.
The α-MnO2 reference powder was kindly provided by Justus Heese-Gärtlein (AG
Behrens, Universität Duisburg Essen). [233]

Figure C.10.: The four component �tting results for studied samples: a) pow-
der Ca:Birnessite; b) Ca:Birnessite-FTO pristine electrode; c)
Ca:Birnessite-FTO-Phosphate the electrode after 16 h of OER
electrocatalysis in 0.1 M phosphate bu�er (η = 540 mV); d)
Ca:Birnessite-FTO-Imidazolium:SO2−

4 electrode after 16 h of OER
electrocatalysis in 0.1 M Imidazole - SO2−

4 bu�er. Orange line -
measured data, blue line - LCA �t.

MnO Mn3O4 Mn2O3 MnO2

Mn2+
(oct Mn2+, Mn3+ Mn3+ Mn4+

Ca:Birnessite-powder 0 0 41% 59%
Ca:Birnessite-FTO-pristine 7% 6% 65% 22%
Ca:Birnessite-FTO-Phosphate 2% 5% 45% 48%
Ca:Birnessite-FTO-Imidazolium: SO2−

4 6% 7% 21% 66%

Table C.3.: Results of LCA for studied samples.
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Figure C.11.: Ca 2p X-ray photoelectron spectra for three di�erent Ca-Birnessite
samples. The colour code is identical to the previous Figure C.8
with the respective kinetic electron energies stated at the top.

Figure C.12.: Ca L3-edge NEXAFS (TEY) spectra of the three di�erent Ca-
birnessite samples studied by XAS. Colour code and sample de-
scriptions are identical to Figure C.7.
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Figure C.13.: Mn L3-edge NEXAFS (TEY) spectra of the three di�erent Ca-
birnessite samples studied by XAS. Colour code and sample de-
scriptions are identical to Figure C.7.
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Figure C.14.: Computed Ca L-egdes XA spectra and calculated Ca 2p XP spec-
tra: (a) XAS calculations are shown for a spherical Ca2+ ion along
with two results for a Ca2+ ion in an octahedral �eld with 10Dq

= 0.75 eV. The red line shows the result for spherical Ca2+ when
hybridization between the Ca2+ ion and the ligand shell is ignored.
The blue line shows the result for a Ca2+ ion in an octahedral �eld
without hybridization. The green line shows the e�ect of includ-
ing hybridization by allowing charge transfer from the ligand shell
to the metal with a charge transfer parameter ∆ = 0.75 eV, i.e. a
|d1L〉 con�guration is included when describing the ground state.
(b) The computed XPS spectra for a Ca2+ ion in an octahedral �eld
with 10Dq = 0.75 eV. The black line shows the result when there
is no hybridization, which is simply the spin orbit split Ca 2p spec-
trum. The blue line shows the result when a |d1L〉 con�guration
is included, as with the XAS result. The ligand to metal charge
transfer can be seen to give rise to a high binding energy satellite.
The intensity of the satellite increases as higher |dnLn〉 con�gura-
tions are included, as shown by the red (green) line which includes
con�gurations up to

∣∣d2L2
〉
(
∣∣d3L3

〉
.
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Figure C.15.: P 2p X-ray photoelectron spectra for Ca-birnessite electrode after
electrolysis in phosphate bu�er under OER conditions recorded at
hν = 960 and 330 eV (Ek = 830 (green) and 200 eV (red)).

Figure C.16.: Mn 2p X-ray photoelectron spectra for three di�erent Ca-Birnessite
samples. The colour code is identical to the Figure C.8 with the
respective kinetic electron energies stated at the top. Due to signif-
icant multiplet splitting of the three oxidation states of manganese
(II, III, IV), and the overlapping binding energy for these multiplet
splitting structures, the quantitative analysis of the Mn 2p spec-
tra is not very reliable. For this reason, we based our analysis on
NEXAFS Mn L-edges.
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C.4. Theory: Hybridization and Calculation details

Hybridization between valence orbital of cation and anion is symbolized by the
charge transfer satellite. The distance between the main line and the satellite, de-
noting the degree of hybridization, depends both on the Ca-ligand bond lengths and
the charge transfer energy, the latter of which is likely proportional to the band gap
of the material. If we consider only the monopole part of the Coulomb interactions,
charge transfer will lower the energy of the �nal state in XPS by approximately
∆-Q, where ∆ is the charge transfer energy, e. g., the energy required to move an
electron from the ligand to the metal, and Q is the core valence Coulomb attrac-
tion. [197] To estimate ∆ we note that the valence band of birnessite consists of O
2p-like orbitals. [234] Thus, if the empty calcium s and d states are located at the
bottom of the conduction band, ∆ is approximately equal to the band gap, which
has been measured to be ∼ 1.8 - 2.1 eV for Na- birnessite. [199] The core valence
Coulomb attraction of Ca is 3.8 eV in the Hartree-Fock limit. [234]

Using these estimates we expect the Ca 2p XPS spectrum of birnessite to have a
main peak for the |cd1L〉 con�guration and a satellite at∼ 2 eV higher binding energy
due to the |cd0〉 con�guration, where |c〉 indicates the Ca 2p core hole. In other
words, the �rst doublet of the spectra corresponds to a p5d1 �nal state, where the
additional d-electron more e�ectively screens the core hole, and the higher binding
energy doublet a p5d0 �nal state.
We veri�ed that hybridization can give the expected satellites by computing the

XPS spectrum within a charge-transfer multiplet model (ESI Figure C.14b). [234] We
began by computing the Ca 2p spectrum for a Ca2+ ion in spherical symmetry using a
core line width of 0.17 eV before introducing crystal �eld splitting and hybridization.
As expected, including crystal �eld splitting, does not lead to the appearance of a
satellite. We then introduced hybridization, with ∆=2 eV, U/Q=0.7, 10Dq=0.75,
and an e�ective charge transfer integral, Te�=

√
6T 2

π + 4T 2
σ , of 3.43 eV. Doing so

led to the expected charge transfer satellite (see ESI, Figure S13 for details) and a
ground state, Ψ = α |d0〉+β |d1L〉+γ |d2L2〉, with a high degree of covalence, where
the weight of purely ionic con�guration, α2, is approximately equal to that of the
|d1L〉 con�guration.
With the applicability of our model ensured, we were able to interpret the mea-

surements, beginning with the two spectra that show the charge transfer satellite
(powder and after electrochemistry). Because Q should be nearly constant the in-
crease in separation between the satellite and main line would imply an increase in
covalency, either through a diminished ∆ or an increased charge transfer integral,
the latter of which could occur due to a reduction in Ca-ligand bond lengths. Lost
of charge transfer satellite within our model would be expected if there were e�ec-
tively no hybridization between Ca and its ligand shell due to either a decrease in
Te� or an increase in the charge transfer gap. [197,199,234] The XAS and XPS spec-
tra were computed using by way of multiplet ligand-�eld theory (MLFT) with the
Xclaim package [192] As is typical, the model Hamiltonian was treated as a sum of
three terms: an atomic term describing the central atom, a crystal �eld term, and a
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hybridization term. Of these terms the one describing hybridization deserves further
discussion, which is written as:

H =
∑
Γγ

TdL(Γ)(d†γLγ + L†γdγ) +
∑
Γγ

εL(Γ)L†γLγ (C.1)

, where Γγ is the irreducible representation to which the ligand orbital γ belongs.
εL (Γ) is the on-site energy for the ligand electrons, which is the di�erence in energy
between the dn and d(n+1) ground states plus the charge transfer energy, symboli-
cally:

εL = E(dn)− E(d(n+1)) + ∆ (C.2)

d†γ (dγ) and L†γ (Lγ) are the creation (annihilation) for electrons in the d and
ligand shells, respectively. The transfer integrals are the TdL (Γ), which were written
using the Slater-Koster parameters, (pdσ) and (pdπ) with (pdσ)

(pdπ)
= −2.2, [2] as Tσ =√

3(pdσ) and Tπ = −2(pdπ). The role of this hybridization term to include |dnLn〉,
with n≥1, con�gurations, which represent the transfer of n electrons from the ligand
shell to the Ca d orbitals. Because (pd4σ) controls the e�ective transfer integral,
and therefore hybridization between the ligand shell and central ion, increasing (pdσ)
leads to an increase in covalency. Note that with this approach we do not need to
know the exact atomic positions or nature of the atoms in the ligand shell to compute
the XAS and XPS spectra. We can instead test how symmetry and hybridization
change the spectra.
While in principle we could adjust parameters, such as (pdσ), (pdπ), 10Dq, broad-

ening, and the charge transfer energy, to �nd those that agree best with experiment,
we chose to select a set of parameters based on what is known about the system and
those similar to it simply to show how crystal �eld splitting and hybridization are
manifest in the spectra. Thus, for all calculations we used Lorentzian broadening
with the natural width of the Ca LIII,II edges (Γ = 0.17 eV). [235] For XAS (XPS)
we also employed Gaussian broadening with a width of 0.5 eV (1.0 eV). The charge
transfer energy was set to 2.0 eV, see main text. The core-valence valence monopole
part of the Coulomb interaction, Q, was taken as 3.8 eV, see main text, and the
valence-valence monopole part of the Coulomb interaction was taken as 0.7Q, or
2.7 eV, due to the �nding that U/Q ∼ 0.7 for the 3d transition metals. [195] The
crystal �eld splitting was taken as 0.75 eV, between the 0.5 eV typical for early 3d
transition metals and the 1.2 eV computed for CaO. [202] pdσ was taken to be 1.5 eV
to re�ect the expected large hybridization energy. [197]
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Movie Electrode Environment Dose rate e−/(Å
2
s) Speed

S1 Pressed 1 hPa O2 22600 8.6x
S2 Pressed 1 hPa H2O 60000 6.2x
S3 Pressed 1 hPa H2O 7100 4.1x
S4 Pressed 1 hPa O2 7500 8.6x
S5 Printed 1 hPa O2 7400 4.1x
S6 Printed 0.1 hPa H2O 5000 22.3x
S7 Printed 1 hPa H2O 7700 11.2x
S8 Pressed HV no cold trap 42000 6.2x

Table D.1.: Overview of the movies and used parameters: electrode type, environ-
ment, dose rate and speed.

Figure D.1.: Overview TEM images of pressed (A) and printed (B) birnessite elec-
trodes.
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Figure D.2.: Relative gas composition in ETEM experiment in H2O (top) and O2

(bottom) determined with a residual gas analyser (RGA). The total
gas pressure is 1 mbar.

Figure D.3.: MLLS Fitting of the Mn L-Edge of the pressed electrode in 1 hPa H2O
(R2/coe�cient of determination=0.96). Reference spectra taken from
Garvie et al. [208].



164 Appendix D. Supporting Information for Chapter 6

STEM EELS mapping of the printed electrode

Figure D.4.: STEM-EELS, ADF mapping and HRTEM imaging of the printed
electrode in 1 hPa O2. A: Carbon and manganese EELS-map. B:
HRTEM image of printed electrode with arrows indicating birnessite
nanocrystals. C: EELS carbon K-edge spectra of the printed and
pressed electrode in 1 hPa O2 and H2O.

Figure D.4 shows the STEM and EELS mapping of the printed electrode. The
measurements were carried out in 1 hPa of O2 in order to avoid additional beam
induced carbon contamination in STEM mode. Here, the measured carbon stems
from the electrode and not from surface contamination. The spectral image of the
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Mn L edge in Figure D.4 A shows a high Mn concentration on the lower left side,
indicating a birnessite nanocrystal. This contrast correlates to a bright contrast
in the ADF detector. Areas with high Mn contrast show lower carbon contrast
in the mapping of the C K edge in Figure D.4 A, supporting the presence of the
expected heterogeneous nanostructure with birnessite particles and carbon binder.
In conjunction with thickness variations, this is the origin of the inhomogeneous
STEM ADF contrast in Figure D.4 A.
Figure D.4 B correlates the STEMADF image with an HRTEM image taken at the

same area. The bright areas in ADF contrast are crystals that correspond to a darker
contrast in HRTEM. The darker carbon rich areas in ADF correlates in HRTEM
to a brighter contrast in areas which appear to be less ordered. However, in many
places an overlap of carbon rich areas and birnessite crystals leads to inconclusive
contrasts in the TEM. As mentioned above, the appearance of disordered areas in
HRTEM can be either due to an orientation of a crystal far from a low index zone
axis or due to amorphous carbon. The correlation of less ordered areas with higher
carbon content con�rms again the heterogeneity of the printed electrode consisting
of birnessite nanocrystals embedded in a disordered, carbon rich matrix.
Figure D.4 C displays the carbon K-edge EELS spectra of printed and pressed

electrodes in 1 hPa O2 and con�rms the absence of carbon in the pressed sample
within the detection limit. The position and shape of carbon edge of the printed
electrode gives information about nature of the carbon. In O2 and H2O the carbon
K-edge consists of two sharp peaks at 285 eV and 288.2 eV and a less intense broad
peak at about 300 eV. While in H2O the spectrum is dominated by the very broad
peak between 290 eV and 305 eV (see Figure D.4 C). The �rst sharp peak can be
assigned to the C1s→ π∗ transition (Elit=285 eV) of C=C typical for amorphous
carbon. In addition, the σ∗ transition results in a broad peak at 294.3 eV. At
288.4 eV the C1s → π∗ transition of C=O is located which can be assigned to the
second sharp peak. CO2−

3 has transitions at Eπ∗=290.3 eV and Eσ∗=301.5 eV and
could be hidden in the broad peak between 290 eV and 305 eV [236�238], presumably
due to carbon related contamination of the printed lamella.
The oxygen atmosphere prevents a surface contamination by carbon species for

both types of electrodes in STEM mode. These usually originate from electron-
beam induced cracking of hydrocarbons in the vacuum system. However, in H2O,
depending on the cleanness of the lamella and electron dose rate, a surface contam-
ination by carbon in STEM mode is observed. This explains the di�erence in the
EELS spectra for H2O and O2. Carbon contamination for the printed electrode, can
additionally stem from the carbon containing protection layer used in FIB lamella
fabrication.
In summary, printed electrodes consist of birnessite nanocrystals in an amorphous,

carbon containing matrix.
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Pristine state of the electrode - lattice distances and stability

Figure D.5.: FFTs of HRTEM images of the birnessite A: powder, B: pressed and
C: printed electrode in Figure 6.2 (main text).

d̄ d (h k l) F2 F̄2 dExp Lit/Exp Abs. dev.
Å Å Å
5.05 5.05 -1 0 0 1.02·106 1.02·106 - - -
2.85 2.85 0 -1 0 9.56·105 9.56·105 2.68 1.06 0.17
2.52 2.52 -2 0 0 9.24·105 9.24·105 2.29 1.10 0.23

2.48
2.49 -1 -1 0 2.02·107

2.78·107 2.29 1.08 0.19
2.47 -1 1 0 7.69·106

1.80
1.89 -2 -1 0 9.46·106

9.75·106 - - -
1.88 -2 1 0 2.87·105

1.68 1.68 -3 0 0 2.73·106 2.73·106 1.6 1.05 0.08

1.44
1.45 -3 -1 0 2.70·107

1.30·108 1.4 1.03 0.041.44 -3 1 0 9.63·107

1.42 0 -2 0 7.05·106

1.37
1.37 -1 -2 0 8.31·106

8.56·106 1.33 1.03 0.04
1.37 -1 2 0 2.47·105

Table D.2.: Comparison of the lattice distance for Birnessite with the experimental
values dExp. Structure factor F is calculated for electron di�raction
with structure model of of Lopano et al. [81] and the atomic scattering
factor from Colliex et al. [232]. Similar lattice distances are combined
in d̄ and F̄2.
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Figure D.6.: Time dependent HRTEM Analysis of the pressed electrode in HV
with no cold trap from movie M8. A: Averaged image (N̄=219,
T=53 s, D=42,000 e−/(Å

2
s) with overview on the left and zoom-in

on the right side; B: left side single after 0 s and right side single
frame after 40.6 s. The upper orange markers indicate a grain bound-
ary and the lower marker the birnessite surface. In both images the
makers are in the same position relative to the frame a indicate no
removal of the surface.
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Bubble formation in pressed and printed electrodes

Figure D.7.: Bubble formation in a pressed electrode in 60,000 e−/(Å
2
s) in 1 hPa

H2O. Frames taken from Movie M2.

Figure D.8.: HRTEM analysis of the moving bubbles (printed electrode) in
5000 e−/(Å

2
s) and 100µbar water. HRTEM image and correspond-

ing FFT after: A: 9 s; B: 116 s and B: 238 s. D: Intensity pro�le of
the FFT shown in A-C. Frames taken from Movie M6.
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Figure D.9.: Time resolved surface dynamics of the printed electrode 1 hPa H2O
(N̄=516, T=88 s, D=22,200 e−/(Å

2
s), for the average frame see Fig-

ure 6.5 B main text.

Figure D.10.: Strong bubble formation and cracking in the printed electrode at
7700 e−/(Å

2
s) in 1 hPa H2O. Frames taken from Movie M7.
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Electron energy loss spectroscopy data in high vacuum, O2

and H2O

Figure D.11.: All Mn-L spectra from di�erent region of interest (ROI) of pressed
electrode which are used in the EELS analysis. A) HV B: 1 hPa O2

C: 1 hPa H2O.
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Figure D.12.: All Mn-L spectra from di�erent region of interest (ROI) of printed
electrode which are used in the EELS analysis. A) HV B: 1 hPa O2

C: 1 hPa H2O.
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Figure D.13.: EELS O-K edge of the pressed electrode in A: HV and 1 hPa O2 B:
HV and 1 hPa H2O, compared to the spectra without a sample.

Determination of the electric resistance of the TEM lamella

Figure D.14.: A: IV curve with linear �t to determine the resistivity of the printed
electrode lamella (R≈ 5 · 1011Ω). B: TEM image of STM tip which
is connected to the lamella via a carbon bridge.
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Dose rate dependent surface dynamics

Figure D.15.: Comparison of speed / intensity of the dynamics of the pressed elec-
trode in dependence of the beam induces potential by averaging the
frames over a short time (T = 1 s). Left column: 5900 e−/(Å

2
s);

right column: D = 55,000 e−/(Å
2
s); A: single frame with an acqui-

sition time of 0.2 s; B: single frame with an acquisition time of 0.1 s
C: averaged image with N̄ = 6 and T = 1 s, no signi�cant blurring
visible; D: averaged image with N̄ = 4 and T= 1 s, slight blurring
at the surface visible.
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Stationary state of the pressed electrode in H2O - absence of
surface sputtering

Figure D.16.: Single frames from movie M3 (pressed electrode in 1 hPa H2O,
D=7100 e−/(Å

2
s)). The orange markers are positioned relative to

the frame in the same way and indicate the electrode surface and a
dark contrast which is correlated to the crystal structure.
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