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Introduction and motivation

Chapter 1

Introduction and motivation

Artist’s rendition of an artificial leaf.

Image reproduced by permission of Michael Hambourger, Gary F. Moore, David M.
Kramer, Devens Gust, Ana L. Moore and Thomas A. Moore and The Royal Society of
Chemistry from Chem. Soc. Rev., 2009, 38, 25-35, doi: 10.1039/B800582F.




2 Introduction and motivation

1.1 Broader context
““Yes, but water decomposed into its primitive elements,’ replied Cyrus
Harding, ‘and decomposed doubtless, by electricity, which will then have
become a powerful and manageable force [...]. Yes, my friends, I believe that
water will one day be employed as fuel, that hydrogen and oxygen which con-
stitute it, used singly or together, will furnish an inexhaustible source of heat
and light, of an intensity of which coal is not capable. [...] I believe, then, that
when the deposits of coal are exhausted we shall heat and warm ourselves with
water. Water will be the coal of the future.””

Jules Verne, The Mysterious Island (1874) in the translation of W.H.G. Kingston.

Isn’t it curious that the engineer Harding* advertises water as a viable alternative to coal,
the major fuel of his era? Moreover, two points have a strikingly modern touch: the
concern for the exhaustion of a fossil fuel and the proposal of a benign, renewable fuel.

Sustained energy supply is one of the most important challenges of mankind (Lewis and
Nocera 2006, Armaroli and Balzani 2007a, Armaroli and Balzani 2007b). In addition to
steady supply, storage and availability of energy is also pivotal (Hammarstrom and
Hammes-Schiffer 2009, Armaroli and Balzani 2011). Chemical fuels are very well suited
for these requirements. Therefore, they are ubiquitous in modern society.

Water is the productt of the Knallgas reaction and thermodynamically unsuitable as a
fuel. However, water molecules are a carbon-neutral source of protons. These protons
could then be utilized to form molecular hydrogen for use as a fuel (Romm 2004, Armaroli
and Balzani 2011). The water oxidation reaction,

2 H,0 - 0, + 4e™ + 4H",

is generally regarded as a bottleneck for efficient fuel production from water (Lewis and
Nocera 2006, Dau et al. 2010). Harding proposes to use electricity for the splitting of
water. Indeed, electrolysis was known in the 19" century after the pioneering experi-
ments of Van Troostwijk (1789) and Nicholson (1800). However, water electrolysis is an
energy-intensive process. Where should the required energy come from?

Nature can serve as an inspiration. The protein photosystem Il (PSII) found in plants and
bacteria catalyzes the splitting of water into oxygen and protons using only the energy
supplied by the sun (Ort and Yocum 1996, Blankenship 2002, Dau and Zaharieva 2009,

* Actually named Smith in the French original.
t Water is the product when hydrogen and oxygen are combusted, much like ash is the product
of coal combustion.
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Blankenship et al. 2011). Photosynthesis has generated most of the biomass* and all of
the fossil fuels consumed by mankind.

The ‘Holy Grail’ in the field of artificial photosynthesis is mimicking the efficient water
oxidation of PSll in a direct process (Hammarstrom and Styring 2009, Shevchenko et al.
2011). This should be achieved using only abundant materials, benign conditions and the
energy supplied by the sun (Herrero et al. 2008, Lubitz et al. 2008, Rutherford and Moore
2008, Barber 2009, Gust et al. 2009, Hammarstrom and Hammes-Schiffer 2009,
Blankenship et al. 2011, Hammarstrom and Wasielewski 2011, Herrero et al. 2011). The
ultimate goal is a ‘solar fuel’ that is carbon-neutral and cheap to manufacture (Cook et al.
2010, Nocera 2010).

Current artificial water-oxidation catalysts include metal-oxides on surfaces (Maeda and
Domen 2010, Sivula et al. 2011, Suntivich et al. 2011), bulk metal-oxides in suspension
(Shevchenko et al. 2011) or deposited on electrodes (Kanan and Nocera 2008, Dinca et al.
2010, Hocking et al. 2011, Wee et al. 2011), and artfully synthesized metal complexes for
homogeneous catalysis (Sala et al. 2009a, Sala et al. 2009b, Fillol et al. 2011, Kanady et al.
2011). The work in this thesis focuses on electrochemically deposited bulk oxides made
by a simple preparation protocol.

There has been recent progress in understanding the mechanism of water oxidation at
the atomic scale in synthetic catalysts (Hurst 2005, Hammarstrom and Styring 2009, Kohl
et al. 2009, Man et al. 2011, Suntivich et al. 2011). However, the mechanism of water
oxidation at the atomic scale is only insufficiently understood (Lewis and Nocera 2006,
Dau et al. 2010). There were recent breakthroughs in the efficiency and longevity of
water oxidation catalysts. One of these breakthroughs had been the bulk oxide reported
by Kanan and Nocera (2008), which is denoted CoCat herein. The primary goal of this
thesis work was not to improve the catalytic performance of the CoCat but to understand
how it performs catalysis.

1.2 Historical survey

Without attempting a comprehensive review, selected cornerstone studies on heteroge-
neous bulk metal oxidest are discussed for application as water-oxidation catalysts. For
recent reviews on homogeneous cobalt oxides see (Dau et al. 2010, Artero et al. 20113,
Artero et al. 2011b).

* Fungii generate biomass without photosynthesis.

t We use the term ‘bulk metal oxides’ to differentiate these from the ‘surface oxides’. The latter
are formed on metal electrodes which are exposed to a potential sufficiently positive for water
oxidation.



4 Introduction and motivation

To our best knowledge, the first report of an amorphous cobalt oxide deposition and its
electrochemical characterization can be attributed to Coehn and Glaser (1902). Over a
century ago, the ancestral CoCat was already discussed in the context of water oxidation
and hydrogen evolution. Only few reports about related bulk oxides and their characteri-
zation followed in the first decades of the 20™ century (Skirrow 1902, Siemens 1904,
Miller and Spitzer 1906, Hiittig and Kassler 1929).

El Wakkad and Hickling (1950) reported the performance of various cobalt oxide films
deposited galvanostatically from cobalt sulfate in borate and ammonium chloride elec-
trolytes. The resulting films were tested in a variety of electrolytes, among which was a
solution of KH,PO4 and Na,HPQO,4 at pH 6.8 (0.2 M each). They found that the presence of
phosphate stopped the dissolution of cobalt, which was observed with other alkaline and
acidic electrolytes. Moreover, initial dissolution was reverted in phosphate buffer, indi-
cating that the films possessed a self-repair mechanism in phosphate buffer. An applica-
tion of these films for water oxidation was not discussed.

Benson et al. (1964b) galvanostatically deposited films from 0.1 M cobalt nitrate on
platinum and nickel substrates. Deposition in KOH yielded a black film (like the CoCat)
with the composition K 03Co0151-1.03 H,0 and sufficient crystallinity to resolve the unit-
cell parameters (hexagonal lattice; a =6.75 A, c=5.36 A). Oxygen evolution is reported,
but the origin of the oxygen is not discussed (Benson et al. 1964a). Better documentation
of the oxygen evolution of an early cobalt oxide film may be found in the patent applica-
tion of Osamu (1968). Their crystalline films have the formula CoO,,-nH,0 (m=1.4-1.7,
n=0.1-1.0). Oxygen evolution was described for operation in various non-buffering elec-
trolytes. Electrodeposition of cobalt hydroxides by cyclic voltammetry was later exten-
sively characterized (Burke et al. 1982).

Harriman et al. (1988) compared the oxygen evolution of various metal oxide powders,
which included spinel-type Cos""0,. The rate of oxygen evolution for Coz04 was given as
25.5x10° mol L™ min™’. Further cobalt oxides studied for water oxidation include perov-
skites (Bockris and Otagawa 1983, Bockris et al. 1983, Bockris and Otagawa 1984) and
amorphous cobalt bulk oxides studied under alkaline conditions (e.g., by Chen and
Noufi (1984)) as well as cobalt oxides studied in borate buffers at pH 8.5 (Simmons et al.
1976, Simmons et al. 1979).

At the beginning of the 1990s, Tseung and co-workers published an extensive series of
reports* on reactive deposition of cobalt oxides from 0.25M CoCl, at 20 mA cm™? (Jiang
et al. 1990). The surface morphology of their electrodes showed the same nodules (Jiang
and Tseung 1991) as the CoCat described by Kanan and Nocera (2008), and the reported

* The other volumes of the series include the following references: (Jiang et al. 1990, Jiang and
Tseung 1990b, Jiang and Tseung 1990a, Jiang et al. 1991, Jiang and Tseung 1991, Cui et al.
19923, Cui et al. 1992c, Cui et al. 1992b)
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overpotential of 0.39 V vs. Hg/HgO for operation in 7 M KOH (Jiang and Tseung 1991) is
virtually identical to that of the CoCat in KP; (0.1 M; pH 7).

Much of the more recent research has focused on crystalline Cos04 some examples
include the following references: (Singh et al. 1990, Svegl et al. 2000, Palmas et al. 2007,
Singh et al. 2007b). Singh et al. (2007a) prepared spinel-type Cos04; by microwave-
assisted synthesis on a nickel support. The catalyst shows an apparent current density of
100 mAcm™ in 1M KOH at room temperature with an overpotential of 0.24 V. They
showed that the overpotential could be lowered to 0.22 V by doping with lanthanum.
Jiao and Frei (2009, 2010) reported nanostructured Cos04 in @ mesoporous silica support,
which has a turnover frequency (TOF) of 0.01 s per surface cobalt atom for an overpo-
tential of 0.35 V, at pH 5.8 and room temperature. The latter catalyst is photochemically
driven by a Ru"(bpy); species with visible light (476 nm, 240 mW). Frei (2009) estimated
that a stack of 100 Cos0, nanorod bundles would be needed for a TOF of 100 s™ nm?
required to keep up with the solar flux.

Yeo and Bell (2011) discussed the activity enhancement of a gold support for very thin
layers of spinel-type Co304. The highest TOF of 1.81 s was achieved for sub-monolayer
coverage at pH 13 in 0.1 M KOH. Interestingly, the authors observe that the spinel Co304
is oxidized to layered CoOOH at the electrode surface. The structure of the latter material
is closely related to the CoCat (Kanan et al. 2010).

Most recently, cobalt oxides have been discussed which are larger in size than molecular
catalysts, yet still not film-forming. Shevchenko et al. (2011) report a photochemical
water oxidation catalyst consisting of nanometre-sized colloidal particles. The TOF is up to
0.3 s per oxygen molecule at pH 7. Recently, cobalt oxide nanoparticles were also
deposited onto carbon-based materials (Wee et al. 2011). These catalysts could share
structural themes with the CoCat.

Although (presumably) not a bulk oxide catalyst, a recent molecular catalyst is also worth
mentioning since it may constitute the smallest possible ‘bulk oxide unit’. Yin et al. (2010)
reported an efficient water oxidation catalyst consisting of a soluble, carbon-free hetero-
nuclear molecule, [Cos(H,0)2(a-PWs034),]™® (Co-POM). There is an ongoing debate as to
whether the molecular [Co4(u—0)s010] unit may represent the catalytically active part
(Geletii et al. 2011, Huang et al. 2011, Lieb et al. 2011) or a bulk oxide deposit (Stracke
and Finke 2011). It would be interesting to clearly identify the nature of this catalyst (bulk
oxide vs. molecule) and elucidate whether the mechanism of water oxidation in the
Co-POM and in the CoCat are alike.
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1.3 A catalyst for water oxidation — the CoCat

The cobalt catalyst for electrochemical water oxidation (CoCat) reported by Kanan and
Nocera (2008) has attracted much interest because of its efficiency at neutral pH, electro-
chemical self-assembly from low-cost materials, and for its self-repair mechanism.

The CoCat was first produced by electrodeposition on indium tin oxide (ITO) substrates
from aqueous solutions of KOH and K;HPO,4 (KP;) at pH 7 containing Co(OH,)s(NQO3),, with
concentrations of 0.1 M (KP;) and 0.5 mM (Co**). More recently, the following modifica-
tions have been discussed:

(1) Deposition on other semiconductor and metal substrates, such as glassy carbon,
carbon felt, fluorinated tin oxide (FTO), and nickel metal (Nocera 2009), and espe-
cially important, deposition and operation on photoanodes, namely a-Fe,0s
(Zhong et al. 2009, Zhong and Gamelin 2010, Barroso et al. 2011, McDonald and
Choi 2011, Zhong et al. 2011b), ZnO (Steinmiller and Choi 2009), WO (Seabold
and Choi 2011), W:BiVO4 (Zhong et al. 2011a) and silicon (Pijpers et al. 2011,
Reece et al. 2011, Young et al. 2011);

(2) Exchange of the electrolyte, specifically, substitution of potassium for
sodium (Kanan and Nocera 2008, Lutterman et al. 2009, Surendranath et al. 2009)
and phosphate for phosphinate or borate (Surendranath et al. 2009) as well as
several other electrolytes (Gerken et al. 2011).

The significance of point (2) is that neither potassium nor phosphate itself is essential for
catalytic activity. Likely, they are not part of the catalytic unit itself. For discussion of the
mechanism, it may not be required to extend the Co—oxido units (see Chapter 3) by a
distinct cation, such as potassium, or anionic ligands, such as phosphate. Thus, we refer to
this catalyst herein as the cobalt catalyst film (CoCat), instead of cobalt phosphate cata-
lyst (Co—Pi), an expression used by Nocera and coworkers.

The CoCat forms on a variety of conducting substrates, such as those discussed above.
Surface morphology and film thickness depend on the deposition time, the composition
of the electrolyte, and the applied potential (Kanan et al. 2009, Nocera 2009). The first
layers of the deposited films conform to the topology of the substrate (Zhong et al. 2009).
CoCat films are microscopically smooth when deposited before the onset of catalytic
activity (Esswein et al. 2011). In contrast, deposition at potentials which promote water
oxidation produces a CoCat with nodules on the surface (Kanan and Nocera 2008, Kanan
et al. 2009).

The overpotential to split water at pH 7 (for a current of 1 mAcm™) in the presence of
KP; was reported as 0.41 V (Kanan and Nocera 2008). Current densities as high as
100 mA-cm™ were reported for CoCat deposition on a nickel foam electrode (Nocera
2009, Esswein et al. 2011). For a thin film, we estimate the TOF to be as high as 0.2 s™* per
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oxygen molecule for the benign conditions reported in (Kanan and Nocera 2008) at 1.45
V vs. NHE (Ringleb 2009). Surendranath et al. (2010) independently calculated a TOF of
2x107 s at 1.23 V vs. NHE. Recently, formation of an electrochemically active CoCat by
sputter deposition has been reported (Young et al. 2010).

A variety of buffering electrolytes, such as methylphosphonate and borate electrolytes,
foster catalyst growth and support catalytic activity akin to phosphates (Surendranath et
al. 2009, Gerken et al. 2011) for neutral or mildly alkaline pH. Interestingly, CoCat films
can also operate efficiently in mildly acidic conditions with a suitable buffer, e.g., fluorides
(Gerken et al. 2010, Gerken et al. 2011). On the other hand, the electrochemical
behaviour of the CoCat clearly differs in non-buffering electrolytes, such as sulfates,
nitrates and perchlorates (Surendranath et al. 2009, Gerken et al. 2011). Catalyst opera-
tion and formation does not require deionized reagent-grade water. Nocera and co-
workers demonstrated operation in brine and river water (Kanan et al. 2009,
Surendranath et al. 2009, Esswein et al. 2011), suggesting that other ions, and especially
chloride ions, do not inhibit oxygen evolution. The performance of films grown with
either potassium or sodium did not change after exchange of one cation for the
other (Lutterman et al. 2009). Leaching of both the cations and the phosphate anions is
faster than that of the cobalt ions, as shown by radioactive labelling experi-
ments (Lutterman et al. 2009).

The combination of a CoCat/Si photoanode and a NiMoZn alloy cathode has led to a tech-
nological breakthrough in artificial photosynthesis, namely the report of an ‘artificial leaf’
by Reece et al. (2011). The device produces oxygen and hydrogen upon illumination in a
borate buffer (1 M, pH 9.2) with 2.5 % efficiency in a wireless cell (Figure 1.1 B). The solar-
to-fuels efficiency is 4.7 % (Reece et al. 2011) when electrodes are not integrated into a
single device (Figure 1.1 A).

A wired PEC cell B wireless cell
. stainless
CoCat  ITOlayer Siphoto- =)
Si photo- — e
ayer
—— BniclE . \ NiMoZn
" talyst
catalyst stainless CoCat o=
steel \\A
Ni mesh /
\ 4H* + 02 ) CzHZ
i 2H,0 4H*
; A

2H, |

21
'

L. aH

4|A-w v(2\H20 o . :
02
:

Figure 1.1. Schematic of the ‘artificial leaf’ device which uses the CoCat for water oxidation.
Modified from reference (Reece et al. 2011). Reprinted with permission from AAAS.
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1.4 Scope and organization of this thesis

The objective of this thesis is the identification of structure-function relations in electro-
deposited cobalt oxide (CoCat) films. These relations provide insights into the mechanism
of water oxidation on the atomic scale.

The chapters are organized as follows:

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Chapter 9
Chapter 10

reveals the structure and oxidation state of the CoCat prepared
according to Kanan and Nocera (2008).

interrogates the structural variations with the electrolyte composition
using X-ray absorption spectroscopy at the cobalt K-edge. These struc-
tural results are amended by experiments at the K-edges of potassium
and calcium for elucidation of the location of redox-inert cations. The
activity of the CoCat films is studied with respect to variation of the
anion and cation in the electrolyte and an inverse relation between
activity and structural extent is proposed.

examines the electronic structure of selected CoCat films by spectros-
copy at the cobalt L-edges and oxygen K-edge.

compares the atomic structure of the CoCat with a nickel oxido catalyst
formed by a similar preparation protocol.

establishes the in-situ XAS method which is employed to study catalyst
wear.

investigates oxidation state and structural changes for potentiostatic
operation at selected potentials, thereby providing insight into the
mechanism of water oxidation by the CoCat

scrutinizes structural changes due to variation of both the electrode
potential and electrolyte pH, and thus reveals an interrelation between
the cobalt oxidation state and the proton concentration of the buffer.

combines the achieved results for a discussion of the catalytic cycle.

concludes the thesis by a concise summary of the key results.

The chapters in this thesis are self-contained with regard to scientific content. At the
beginning of each chapter, a concise abstract overviews key results and used methods.
Experimental detail is described in the following. The theoretical background is covered in
each chapter by citations of standard textbooks and leading reviews. This approach
supersedes the need for independent theory and experimental chapters. All chapters are
concluded by a brief summary.
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Chapter 2

Structure and cobalt oxidation state

In photosynthesis, water is oxidized at a protein-bound MnsCa complex. Artificial water-
oxidation catalysts that are similarly efficient and based on inexpensive and abundant
materials are of great interest. Recently, assembly of a catalyst as an amorphous layer on
inert cathodes by electrodeposition starting from an aqueous solution of cobalt ions and
potassium phosphate has been reported. X-ray absorption spectroscopy on the cobalt
catalyst film (CoCat) suggests that its central structural unit is a cluster of interconnected
complete or incomplete Co"-oxido cubanes. The similarities in function and oxidative
self-assembly of the CoCat and the catalytic manganese complex in photosynthesis are
striking. Our study establishes a close analogy also with respect to the metal-oxido core
of the catalyst.

Portions of this chapter have been published

M. Risch, V. Khare, I. Zaharieva, L. Gerencser, P. Chernev, and H. Dau (2009),
J. Am. Chem. Soc. 131, 6936—6937, doi:10.1021/ja902121f.
Reproduced in part with permission. Copyright 2009 American Chemical Society.
V.K, I.Z, L.G., P.C. supported the synchrotron measurements;
V.K. participated in the sample preparation;
P.C. wrote software for data evaluation.
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2.1 Experimental detail

2.1.1 Electrochemistry

All potentials are given relative to the potential of the normal hydrogen electrode (NHE).
We employed a single compartment, three-electrode setup driven by a Micro-Autolab Il
potentiostat (Metrohm GmbH, Germany). The electrochemical cell consisted of a custom
made glass vessel, a 1 cm? indium tin oxide (ITO) working electrode, a Pt wire counter
electrode and an Hg/Hg,SO, reference electrode (650 mV vs. NHE). The iR drop across the
electrochemical cell was not corrected.

The film was formed by anodic electrodeposition from aqueous solutions of KH,PO4 and
K,HPO,4 (pH 7, 0.1 M) containing 0.5 mM Co?" ions from Co(OH,)s(NOs),. A potential of
1.4V (vs. NHE) was applied during formation of the catalytic film. Film formation was
coupled to water oxidation and dioxygen evolution and the (catalytic) current routinely
exceeded 1 mA-cm2 at 1.35 V in cyclic voltammetry experiments performed in cobalt-free
KP; solutions.

Samples for X-ray absorption spectroscopy (XAS) were prepared by the following
protocol. After 70 min of film formation (paralleled by water oxidation), the CoCat-
covered electrode was rapidly disconnected and removed from solution. This was
followed by fast freezing of the still-wet electrode in liquid nitrogen and X-ray
measurements at 20 K (quasi in-situ sample).

2.1.2 X-ray absorption spectroscopy

The XAS measurements were performed at the cobalt K-edge at the KMC-1 bending-
magnet beamline (Schéafers et al. 2007) of the Helmholtz-Zentrum Berlin for Materials and
Energy (formerly BESSY I, Berlin). The excitation energy was selected by a double-crystal
monochromator (Si-111, scan range: 7500-8500 eV). The sample was kept at a
temperature of 20 K, using a liquid helium cryostat (Oxford-Danfysik, heat conduction by
helium gas at 0.2 bar in the sample compartment). The X-ray fluorescence of cobalt from
a 5x0.5 mm? spot on the sample was detected by a photodiode, which was shielded
against scattered incident X-rays by an iron foil (10 um). The spectra of the powderous
(reference) samples were collected in absorption mode between ionization chambers.
The K-edge inflection point at 7709 eV of a simultaneously measured cobalt metal foil
was used for calibration of the energy axis. The spectra were normalized and EXAFS
oscillations were extracted as described in section 2.1.3; interpolation yielded 160 data
points which were equidistant on a k-vector axis. For conversion of the energy axis to a k-
vector axis, an energy shift, Eg, of 7710 eV was used. No indications for radiation-induced
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modifications in structure or oxidation state were detected due to low X-ray dose per
irradiated area at the bending magnet beamline.

2.1.3 XAS data extraction

The primary data evaluation involved several steps. The fluorescence spectra were nor-
malized by the signal of an ionization chamber placed before the cryostat. The energy axis
of the data was calibrated as described below. Then, the signal-to-noise ratio was esti-
mated by fitting a straight line to the data points at the end of the EXAFS region, where
EXAFS oscillations are negligibly small; and the root of the squared differences between
line and data points was calculated as root-mean-square noise. The magnitude of the
edge jump was approximated by the difference between the average of five points near
the pre-edge (Apr.) and the average of five points near the end of the scan range (Apost)-
Spectra from different spots were then averaged with weights given by the edge-jump
magnitude divided by the noise (W = [Ayost - Aprel/n0ise). Subsequently, we subtracted the
background of the pre-edge region, which was well described as a constant offset, from
the fluorescence spectra. The spectra were divided by a third order polynomial in order to
normalize the edge jump to 1.0 for XANES analysis. For EXAFS analysis, the data was not
divided by a polynomial but a spline function was employed instead.

The EXAFS oscillations were extracted by minimizing a ‘knot-spline’ (Teo 1986) with 5
knots between 7725 eV and the end of the scan range (e.g., 8500 eV), which then was
subtracted from the data. The energy axis was shifted by subtraction of 7710 eV (Eo) and
transferred into the k-domain (wavevector space) as described in reference (Teo 1986).
Then, the number of data points was reduced by appropriate averaging to yield a con-
stant step size of approximately 0.075 A™.

During each scan, the fluorescence data and the spectra of an energy reference were
recorded simultaneously. A photograph of the setup is shown in Appendix A.1. After trav-
elling through the sample in the cryostat, the X-ray beam passed an ionization chamber
placed immediately after the cryostat (/1), a chamber containing the energy reference
material (10 um cobalt foil), and another ionization chamber (/;). The negative natural
logarithm of the /,-signal was calculated to obtain a relative measure of the absorption
(The signal of I; was featureless and noisy. Thus, normalization by /; was found to result in
a significant decrease of the signal quality and was not applied). The thereby obtained
absorption signal was smoothed and then the derivative was calculated analytically from
the coefficients of a polynomial spline. We checked carefully that no features of the origi-
nal dataset were lost or smeared out in the smoothing processes. For energy calibration,
we shifted the energy axis of the experimental data by an offset such that the first maxi-
mum in the derivative of the reference signal aligned with the value of 7709.0 eV
reported by Bearden and Burr (1967).
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2.1.4 EXAFS simulations

All simulations were performed using the in-house software packages ‘SimX’ (Dittmer
1999) or ‘SimX lite’ (by Dr. P. Chernev). The EXAFS data was extracted as described above,
then weighted by k* and simulated (least-squares fit) in k-space without any Fourier-
filtering.

An EXAFS spectrum, x(k), is given by the sum of the contributions of ns,.; atomic shells*.
For EXAFS simulations, the spectrum is described by the following equation (Teo 1986,
Penner-Hahn 1999, Rehr and Albers 2000):

x(k) = S§ - "M ARy, k); - Ny - exp (=20;% - k?) -sin(2k - R; + ¢;), (Eq. 2.1)

L

where Sy’ is the amplitude reduction factor, A(R,k); represents the scattering amplitude
and ¢ is the phase correction, N; is the number of neighbours in the i" atomic shell, o; is
the Debye-Waller parameter of the i™ atomic shell, and R; is the distance between the
X-ray absorbing atom (absorber; e.g. Co) and the atoms in the i™ atomic shell (backscat-
terer).

The phase functions were calculated by the FEFF program (Ankudinov et al. 1998, Rehr
and Albers 2000) (version 8.4, self-consistent field option activated). Atomic coordinates
of the FEFF input files were generated on basis of the model structure shown in
Figure 2.3 A. The scattering paths were obtained up to a radius of 6 A for up to ‘four-
legged’ paths.

The following function describing the simulation error was minimized:

E(a) = Z?(X(ki a)i - yi)zf (Eq 22)

where a denotes a vector containing all fit parameters, y(k,a) is the EXAFS model function
as defined by Equation 2.1, and y; corresponds to the unfiltered experimental data (n data
points). For minimization, a Levenberg-Marquardt algorithm was used. In the following,
the minimum of &a) is called &,. A set of parameters, amin, is defined such that
E(Amin) =Em.

2.1.5 Parameter error estimation

The parameter errors of the cobalt K-edge measurements were calculated after the
parameters had been optimized using the method discussed in the following.

First, the data was Fourier-isolated according to the following protocol: (1) Fourier trans-
form from k-space to R-space for data corresponding to the k-range of 1.6 A™ to 14.0 A™,

* A ‘shell’ is a group of elements with identical atomic number and similar distances from the X-
ray absorbing atom, e.g, the six oxygen atoms that surround the X-ray absorbing cobalt ion in a
cobalt octahedron.
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without using a window function; (2) back transformation from R-space to k-space (else-
where also called g-space (Ravel and Newville 2005)) for data corresponding to the
R- range from 0.0 A to 7.0 A. Subsequently, the sum in Equation 2.2 was calculated for the
Fourier-isolated EXAFS spectra to obtain a new minimum denoted &n . We confirmed that
the optimized parameters amin Were essentially the same for the filtered and the unfil-
tered dataset.

The degree of freedom of EXAFS simulations, v, is defined as follows (Eadie et al. 1971):
V = Njpq — dim (a), (Eqg. 2.3)

where dim(a) denotes the number of independent simulation parameters. The number of
independent data points is estimated according to: Ni,g = 2:Ak-AR/mt (Stern 1993, IXAS
2000), where the simulation range corresponds to Ak. The simulated peaks in the FT
correspond to a AR-value of 5 A.

We assume that & /v provides an estimate of the statistically relevant (averaged)
experimental error, which we use to normalize the simulation error, e(a)*. The error e(a)*
is calculated by Equation 2.2 for the data obtained by the Fourier-isolation procedure
described above. Thus:

gnorm(q) = VEEL) (Eq. 2.4)

m

Moreover, we assume a normal distribution of the individual errors and a chi-square dis-
tribution of the squared errors. Now, for each fit parameter (a;)* holds that its respective
1o error range (68% confidence interval) corresponds to an increase of the normalized
error sum by one (Eadie et al. 1971):

g (@) =v + 1. (Eq. 2.5)

On this basis, we obtained the parameter variances from the diagonal of the covariance
matrix (i.e. the inverse Hesse matrix (d2€"°™(a)/da’, calculated at amin) (Eadie et al. 1971).
The 1cerror range of parameter g; is then obtained by taking the square root of the diag-
onal elements, cj, in the covariance matrix.

* All other fit parameters are allowed to vary freely.
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2.1.6 Measure of the fit quality

We defined a measure of the fit error which quantifies the relative deviations between
experimental and simulated spectra relative to the overall magnitude of the experimental
spectrum:

R *
s |yi|

(Eqg. 2.6)
In Equation 2.6, an asterisk denotes the operation of Fourier isolation (as described
further above) for the R-range of interest. The value of the Fourier-filtered Ry usually is
presented as a percent figure. The Ry-value provides a useful measure of the fit quality; an
Rf exceeding 25 % typically indicates a clearly insufficient quality of the fit. We note that
the Rsvalue differs from the ‘goodness of fit’ occasionally used in EXAFS analyses. The
number of the independent data points and the number of the fit parameters does not
affect directly the Re-value calculated by means of Equation 2.6.
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2.2 Oxidation state determined by cobalt K-edge XANES

Figure 2.1 shows the X-ray absorption near-edge structure (XANES) spectrum of a CoCat
sample along with Co" and Co" references. The half-height edge position* of the CoCat
sample is identical to that of a LiCo"'0, powder and 2 eV higher than that of powderous
Co0"(OH,)6(NO>),, suggesting a mean cobalt oxidation state of 3+ in the CoCat. The edge
position of the CoCat spectrum is (7721.0+0.1) eV as obtained by the integral
method (Dau et al. 2003). The edge positions of the reference materials in Figure 2.1 are
(7718.5+0.1) eV for Co" ions and (7720.90.1) eV for Co" ions. The shape of the XANES
spectrum reflects the ligand type and coordination geometry of the X-ray-absorbing tran-
sition metal (Teo 1986, Glatzel et al. 2009). In comparison to the spectrum of the Co"
compound, the CoCat spectrum is shifted to higher energies but is otherwise very similar.
This suggests near-octahedral cobalt coordination by six oxygen ligands (a prevalence of
octahedral Co"). The differences in the XANES spectra of the CoCat and the Co" com-
pound likely arise from the higher crystallinity of LiCoO, (de Groot et al. 2009).

The height of the pre-edge feature in XANES spectra typically increases with the oxidation
state of the probed metalt, but it is also sensitive to the degree of symmetry around the
metal center; highly symmetric arrangements of ligands reduce the pre-edge intensity
(Yamamoto 2008). The similarity of the pre-edges shown in Figure 2.1 corroborates that
the coordination geometry does not differ much between the CoCat and the references.
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Figure 2.1. Cobalt K-edge XANES spectra of a catalyst film sample (CoCat; solid line) and
powderous reference samples with oxidation state 3+ (LiCoO,; dashed line) and 2+
(Co(OH;)6(NO3),; dotted line). The inset magnifies the pre-edge region.

* The edge position may be estimated visually from the half height (0.5 units) of the normalized
XANES spectra.
t The increase of the pre-edge height with the oxidation state is explainable by increased p-d
mixing of metal orbitals due to shortening of metal-oxygen distances upon oxidation (Dau et al.
2003, Liebisch et al. 2005).
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2.3 Atomic structure elucidated by EXAFS analysis

For the highly amorphous cobalt catalyst film, diffraction techniques are not applicable.

Thus, X-ray absorption spectroscopy is especially well suited to analyze the local structure
of the cobalt metal site of thin disordered films.

Figure 2.2 shows the Fourier transform (FT) of the extended X-ray absorption fine struc-
ture (EXAFS) extracted from XAS measurements at 20 K. Average bond distances between
the absorbing cobalt atoms and its neighbouring 'shells' of atoms relate to peaks of the
FT. Note that the x-axis shows reduced distances which are about 0.3 A lower than the
true nucleus-nucleus distance which can be determined by EXAFS simulations. The ampli-

tude of the peaks in the FT is a rough measure of the average number of the atoms at the
respective distance.

The peaks assignable to Co—Co vectors of a CoCat deposited at 1.15 V vs. NHE (red circles
in Figure 2.2) are higher than for a film deposited at 1.35 V (black squares), indicating
more extended long-range order. The FT of crystalline LiCoO, (Akimoto et al. 1998, Shao-
Horn et al. 2003) is shown for comparison (blue triangles). Quantitative information about
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Figure 2.2. (A) Drawing of a possible fragment of the atomic structure common to the CoCat
samples and LiCoO, (cobalt: blue; oxygen: red). Peaks marked by (a), (b), (c), (d) are assigned to
the spectra in the neighbouring panel. (B) Fourier-transform (FT) of an EXAFS spectrum of the
cobalt catalyst film (CoCat) for deposition at a potential not supporting water oxidation (1.15 V,
red circles) and in the catalytic regime (1.35 V, black squares). For comparison, the FT spectrum of
crystalline LiCoO, (blue triangles) is also displayed. Simulations are shown as lines. Modified from
reference (Dau et al. 2010). Copyright 2010 Wiley-VCH.
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the number of the X-ray absorbing cobalt atoms and the inter-atomic distances can be
obtained by simulation of the measured EXAFS spectra.

We find nearly constant Co—O bond lengths (between 1.89 A and 1.91 A in Table 2.1) by
EXAFS simulation. The average bond length of hexacoordinated Co" complexes is 1.90 A
(Wood and Palenik 1998). Moreover, a ligation of cobalt by 6 oxygen atoms was deter-
mined by the EXAFS simulations within error. Both results corroborate the prevalence of
Co"0g in the CoCat samples.

A prominent Co—Co distance of 2.81 A accounts for about 4 metal-metal interactions per
cobalt ion. Distances close to 2.8 A are typical for cobalt ions connected by di-u-oxido
bridges, specifically in cobalt-oxido (complete) cubanes (Dimitrou et al. 1993, Ama et al.
2000, Ama et al. 2010) and incomplete cubanes found in layered oxides (Akimoto et al.
1998, Butel et al. 1999, Masset et al. 2000, Shao-Horn et al. 2003, Isobe et al. 2007, Hertz
et al. 2008, Motohashi et al. 2008). The N value (>3) indeed implies the presence of inter-
connected incomplete or complete cubane units (Cos/s(u—0)s; see Figure 2.3).

A Co—Co distance of 5.63 A can be assigned to the FT peak marked by (d) in Figure 2.2.
This distance is explainable by two (complete or incomplete) cubanes sharing a cobalt
corner (distance (d) in Figure 2.2 A). The small amplitude of the respective FT peak likely
results from a low number of Co—Co vectors (<1 per cobalt atom in Table 2.1), as
suggested by multiple-scattering EXAFS simulations. In LiCoO,, a layer-forming metal
dioxide, there are six metal-metal distances of 5.61 A (i.e., 2x2.81 A), resulting in a clearly
more sizable FT peak (Figure 2.2 B). Thus, rather than an extended CoO: structure, the
central structural motif of the CoCat likely consists of clusters of complete or incomplete
Co-oxido cubanes that share cobalt corners, as shown in Figure 2.3.

Table 2.1. EXAFS simulations of the cobalt K-edge spectra of Figure 2.2. The CoCat samples were
deposited at 1.35 V and 1.15 V in KP; (0.1 M, pH 7).

CoCat, 1.35V CoCat, 1.15V LiCoO,
Vector N R(A) o (10°A) N R(A) o (10°A) N R(A) o (10°A)
Co—O  5.8+0.4 1.89+0.01 51+5 6.1+0.6 1.89+0.01 5746 6 1.91#0.01 607
Co—Co 4.0+0.6 2.81+0.01 69+7  4.5:0.8 2.82+0.01 657 6 2.810.01 4743
Co—Co - - - - - - 6  4.94+0.01 47+14
Co—Co 0.4%0.3 5.63+0.04 48" 0.6+0.5 5.64+0.04 48 6  5.61+0.01 4816

The Co—Co vector at 4.9 A could not be resolved for the CoCat films. The parameters marked by
an asterisk (*) were fixed; all other parameters were determined by curve-fitting to the data
(k-range 3 A to 12 A™). The amplitude reduction factor So> was 0.7 and the energy axis of the fit
was shifted by +1.5 eV relative to the initially selected Eq of 7710 eV. The coordination numbers,
N, of the LiCoO, simulation were fixed to the known values (Akimoto et al. 1998).
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Figure 2.3. (A) Proposed structural motifs for the cobalt catalyst film (CoCat) deduced from
EXAFS simulations (cobalt: blue, oxygen: red). A complete Co4(u—0), cubane is shown in the
left-hand side, whereas an incomplete Cosz(u—0), cubane is shown on the right-hand side. The
representation is identical to reference (Risch et al. 2009a) (B) Molecular graphic of a possible
structural model for the bulk of the CoCat. The catalytic film may be composed of a mixture of
complete and incomplete cubanes. We cannot exclude by EXAFS analysis that the CoCat
material contains exclusively interconnected complete cubanes or exclusively incomplete
cubanes. (C) Drawing of a tile-shaped structure of p-oxido bridged cobalt atoms which are
compatible with our EXAFS data (Risch et al. 2009a, Risch et al. 2009b). This Co1,03; unit has an
average of 3.8 Co—Co vectors at 2.8 A and 1.6 Co—Co vectors at 5.6 A (per cobalt ion) and
thus satisfies the constraints resulting from simulations of the XAS data (Table 2.1). It is
conceivable that several of these layer fragments are connected to form an extended network
or porous sheet. Layers of water molecules and cations may separate the Co-u-oxido sheets, in
analogy to layered manganese or cobalt dioxides (Golden et al. 1987, see also Figure 2.4).
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2.4 Structural models for the CoCat

For the structure of the CoCat, we (Risch et al. 2009a, Risch et al. 2009b, Dau et al. 2010)
and later others (Kanan et al. 2010) have reported ‘clusters’ of molecular dimensions con-
sisting of u—O bridged cobalt octahedra that share edges (Figure 2.3). The expression of
‘oligomeric cobaltates’ has been proposed previously for the CoCat (Gerken et al. 2011) in
analogy to similar iron-based layers (Nishino et al. 1991). For simplicity, we will use the

term ‘cluster’.
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Figure 2.4. Schematic presentation of layered metal oxide structures (Golden et al. 1987) that
are related to the proposed arrangements of octahedral cobalt as incomplete cubanes in the
CoCat. (A) Structure of -MnO,, which consists of alternating layers of edge-sharing cobalt
octahedra and interlayer ions. These ions could be arranged in a single layer of cations (Li* in
LiCoO,) or a single layer of water molecules and cations (‘birnessite’) (B) Structure of 6-MnO,
with two layers of water molecules in addition to cations (‘buserite’). Metal ions are shown in
blue, bridging oxygen ions in red, oxygen in water molecules in maroon and cations in purple.
Protons were omitted for clarity.

Figure 2.5. Schematic presentation of a
crystalline material that is related to the
proposed arrangements of octahedral cobalt
as complete cubanes in the CoCat. The
structure of A-MnO, consists of space-filling
complete Mn40,4 cubanes. The ‘tunnels’ in this
structure can be filled with cations, e.g. Li*
(Post 1999, Robinson et al. 2010). Metal ions
are shown in blue, bridging oxygen ions in red,
cations not shown. Some cubanes were
removed for clarity.
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There is no evidence for corner-sharing cobalt octahedra in any of the published CoCat
EXAFS spectra. An arrangement of the edge-sharing metal octahedra analogous to water-
oxidizing manganese oxides being either &-MnO, (‘birnessite’) (Post 1999, Jaramillo et al.
2011) or A—-MnO, (Robinson et al. 2010) essentially cannot be distinguished by EXAFS
spectroscopy (Figure 2.4). We use the term interconnected open cubanes to describe the
8-MnO,-like arrangement and the term interconnected complete cubanes to describe the
A-MnO,-like arrangement. The contribution of complete cubanes must be small (but also
cannot be excluded), for which there are indications in the results of other theoretical
(Mattioli et al. 2011) and experimental (Gerken et al. 2011) studies (see also Chapter 5.2).

Figure 2.3 A shows an illustration of the proposed bulk structure of the CoCat, depicting
the possible coexistence of complete and incomplete cubanes. Further interconnections
of the building blocks may result in an extended, but overall disordered network of com-
plete and/or incomplete cubanes. In the case of a significant contribution of incomplete
cubanes, the extent of edge-sharing needs to be higher to comply with the simulation
results*. In Figure 2.3 B, we have modified the illustration from reference (Risch et al.
2009a) to emphasize that the catalytic unit most likely is not a distinct molecule.

We also considered another possible arrangement of the octahedral cobalt units
(Figure 2.3 C) which agrees with the XAS data (Risch et al. 2009a, Risch et al. 2009b,
Kanan et al. 2010). It is a Co1003, unit composed of edge-sharing octahedra, which are
exclusively incomplete cobalt-oxido cubanes. This arrangement is basically a layer frag-
ment of the LiCoO, structure (or of MnO, layer, see Figure 2.4). The macroscopic CoCat
film would be composed of a large number of these layer fragments; the space in
between is likely filled with cations (e.g., K*), anions (e.g., HPO,>) and water in analogy to
more ordered layered structures. We emphasize that it would not be in conflict with the
EXAFS data if some of the fragments were loosely interconnected.

It is an interesting conceptual question, whether the CoCat can be viewed best as an
extended solid-state material or rather an aggregate of multi-nuclear cobalt-oxido
‘clusters’” with molecular properties. Clearly, the CoCat is lacking the long-range order of
crystalline solid-state materials. The high water content of the CoCat (suggested by FTIR
spectroscopy; not shown) and the analogy with layered transition metal oxides suggests
that water molecules fill the gaps between structures as shown in Figure 2.4 B and C.
Thus, it is conceivable that not only surface sites catalyze water oxidation but also the
bulk material can contribute since the cobalt oxido clusters are essentially surrounded by
water molecules.

* Compare the ‘density’ of cobalt atoms in the crystal structures shown in Figure 2.4 and
Figure 2.5.
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Table 2.2. Comparison between properties of the CoCat and the natural paragon, the photo-
synthetic Mn,Ca complex of PSII. This table updates and expands similar comparisons presented
elsewhere (Kanan et al. 2009, Nocera 2009).

Property CoCat Mn,Ca in PSII
Self-assembly Electrodeposition from Light-driven oxidative
dissolved Co* ions; Co self-assembly from
oxidation to the Co>*/** dissolved Mn**, Mn
level oxidation to the Mn>"/**
level
Self-repair Electrochemical Light-driven
Atomic distances Co—p0:1.9A Mn—puO: 1.8 -2.0A
Co—Co:2.8A Mn—Mn: 2.7 A
Metals of proposed n x Co, K or others* 4 Mn, 1 Ca
active site
Efficient O, production pH > 6 in KPi, pH >5.5,
at 23°C, 1 bar at 23°C, 1 bar
Over-potential at 0.4VinKPiatpH7 0.3VatpH5.5
1 mA-cm™
TOF <15 depending on ~100s™

(per O, and Co/Mn ion) thickness of CoCat film

References may be found in the accompanying text.
* see discussion in Chapter 3.

2.5 Comparison to the photosynthetic manganese complex

A comparison of the structural motifs supposedly present in the CoCat (Risch et al. 20093,
Kanan et al. 2010), on the one hand, and the water-oxidizing Mn4sCa complex of PSII
(Haumann et al. 2005, McEvoy and Brudvig 2006, Dasgupta et al. 2008, Dau and
Haumann 2008, Dau et al. 2010, Grundmeier and Dau 2011, Umena et al. 2011), on the
other hand, reveals similarities. Both metal catalysts involve extensive di-pu-oxido bridging
between the transition-metal ions (cobalt in the CoCat, manganese in PSIl) and additional
redox-inert cations (potassium or others in the CoCat, calcium in PSIl). Location and pre-
sumptive function of the redox-inert cations in the CoCat are discussed in Chapter 3. The
CoCat is assembled as an extended network of Co-oxido clusters, whereas the active site
of water oxidation in nature is a single metal-oxido complex bound to the proteins of PSII.

Light-driven assembly and operation of the CoCat was reported (Steinmiller and Choi
2009, Zhong et al. 2009, McDonald and Choi 2011, Zhong et al. 2011b), but the investiga-
tions relate to electrochemical assembly and self-repair of the films. The lowest pH condi-
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tion for efficient oxygen evolution of the CoCat and PSIl are nearly identical: pH >6 for the
CoCat (Surendranath et al. 2010) and >5.5 for PSII (Dau and Zaharieva 2009). Overpoten-
tial and turnover frequency (TOF) of the natural paragon are still unmatched by the inor-
ganic CoCat. Table 2.2 summarizes the above discussion and updates similar comparisons
(Kanan et al. 2009, Nocera 2009).

2.6 Summary

X-ray absorption spectroscopy (XAS) was employed to elucidate the oxidation state of
cobalt in an amorphous cobalt oxide catalyst (CoCat) and its atomic structure. A mean
cobalt oxidation state of +3 is supported by both the edge positions in the XANES spectra
and the Co—O0 bond lengths from EXAFS simulations. The results of these simulations
suggest ‘clusters’ of molecular dimensions consisting of u—O bridged cobalt octahedra
that share edges. These clusters consist of complete Co;04 cubanes or incomplete Co3z04
cubanes and combinations thereof.

The similarities in function and oxidative self-assembly of the CoCat and the catalytic
manganese complex in photosynthesis are striking. Our study establishes a close analogy
also with respect to the metal-oxido core of the catalyst. Further studies are required to
address in more detail the structure-function relations in the biological and the artificial
water-oxidation catalysts.
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Chapter 3

Role of anions and redox-inert cations for
structure and function

For production of non-fossil fuels, water
oxidation by inexpensive cobalt-based
catalysts is of high interest. The CoCat
exhibits similarities to the photo-
synthetic water-oxidizing manganese
complex with respect to oxidative self-
assembly, self-repair and in its metal-
Catalytic oxido structure (Chapter2). Films for
Current electrocatalysis of water oxidation were
# obtained by electrodeposition from

» solutions containing cobalt, potassium,
lithium or calcium with phosphate,
acetate or chloride as their corresponding anions. X-ray absorption spectroscopy (XAS) at
the cobalt K-edge revealed clusters of edge-sharing CoOg octahedra in all films, but the
size or structural disorder of the cobalt-oxido clusters differed. While potassium binding is
largely unspecific, CaCo304-cubanes may form which resemble the CaMns;04-cubanes of
the biological catalysts in oxygenic photosynthesis, as suggested by XAS at the calcium
K-edge. Cyclic voltammograms in potassium phosphate buffer at pH 7 revealed that no
specific combination of anions and redox-inactive cations is required for catalytic water
oxidation. However, the anion type modulates not only the size (or order) of the cobalt-
oxido clusters but also the electrodeposition rate, redox potentials, capacity for oxidative
charging, and catalytic currents. On these grounds, structure-activity relations are
discussed.
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3.1 Experimental detail

3.1.1 Electrochemistry

We employed a three-electrode setup driven by an SP-200 potentiostat (Bio-Logic SAS,
Claix). The iR drop was compensated during potentiostatic deposition and during cyclic
voltammetry (R = 50 Q, 85 % compensation, see Figure A.2). The working electrodes for
the functional analysis were indium tin oxide (ITO, 12 Q/sq.) coated glass slides. A plati-
num grid with area 25 mm x 25 mm served as the counter electrode and the reference
was a mercury sulfate electrode (+650 mV vs. NHE). For the CoCat, electrolytes with poor
buffering capacity leads to large pH gradients in two-compartment cells which does not
occur in single compartment cells (Surendranath et al. 2009). Therefore, we performed all
experiments in a single compartment cell. The temperature was 21 °C. All reported
potentials are given relative to the potential of the normal hydrogen electrode (NHE).

A solution of inorganic potassium phosphate, KP;, was prepared as a mixture of approxi-
mately 40 % KH,PO,4 and approximately 60 % K,HPO, at a total P; concentration of 0.1 M.
We verified that the pH of the resulting electrolyte was 7.0; fine adjustment of the pH
was achieved by addition of small aliquots of 1 M KH,PO4 or 1 M K;HPO,4. The pH of the
LiOAc and KOAc electrolytes was adjusted using HCI. The pH of the KCl and CaCl, electro-
lytes was adjusted using NaOH. For deposition, we added concentrated Co"(OH,)s(NOs),
solution so that the final concentration in the electrolyte solution was 0.5 mM. Filtration
was not necessary and the solution remained clear for the duration of the deposition.

3.1.2 Sample preparation

The various CoCat films for XAS, SEM and elemental analysis were formed by electro-
deposition on both sides of thin sheets of glassy carbon* with dimensions of 100 um x
1.9cm x 2.1 cm. Glassy carbon is transparent for hard X-rays, i.e. the transmission is
>99 % for a 100 um carbon sheet within the energy range of our XAS experiments (Henke
et al. 1993). Good electrical contact with the glassy carbon layer was assured by adding a
small strip of conducting copper tape (Farnell GmbH). For each sample, the conductivity
of this interface was tested using a digital laboratory multimeter. The copper tape on the
electrode was connected to the potentiostat with an alligator clip. We checked that
neither the copper tape nor the clip made contact with the electrolyte at any time. Each
electrode and all glassware were carefully cleaned using appropriate concentrated acids
and/or solvents and copious amounts of milliQ water.

* The LiOAc-CoCat was deposited on ITO supported by lime glass. Auxilliary experiments show
that the choice of substrate does not influence the atomic structure (not shown).
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Potentiostatic catalyst formation for the XAS experiments was carried out at 1.35 V vs.
NHE for 90 min. The potentials were not corrected for the iR drop (R = 10 Q for the entire
cell). The resulting CoCat samples were carefully rinsed with the same electrolyte used
during deposition but without cobalt ions. Then, the samples were conditioned at 1.35 V
in cobalt-free electrolytes for 2 min. Finally, the samples were quickly blow-dried using
dry air. A single layer of Kapton tape (50 um, Goodfellow GmbH) was used to fix the
sample on its mount. This mount is a custom-made, 1 mm thick polyvinyl chloride (PVC)
sheet which has a window with area 1.1 cm x 1.5 cm through which the CoCat films were
accessible in XAS measurements. The CoCat/glassy carbon electrode was fixed on the
mount with Kapton tape. Finally, the mounted CoCat was frozen in liquid nitrogen within
1 min after conclusion of the conditioning step. The samples were stored in liquid
nitrogen for no longer than two weeks before the synchrotron measurement.

3.1.3 X-ray absorption spectroscopy

The XAS measurements at the potassium, calcium and cobalt K-edges were performed at
the KMC-1 bending-magnet beamline of the Helmholtz-Zentrum Berlin for Materials and
Energy (formerly BESSY Il). The beamline optics and beam characteristics are discussed in
reference (Schéafers et al. 2007). The excitation energies were selected by a double-crystal
monochromator (Si-111). The scan ranges were 3450-4200 eV, 3900-5060 eV and 7600-
8750 eV for the potassium, calcium and cobalt K-edge experiments, respectively. A feed-
back system was used to maximize the flux while scanning the energy (dynamic tuning to
the top of the rocking curve). We did not detect any indications that higher harmonics of
the excitation energy passed the monochromator.

We used a fluorescence detector with 13 germanium elements (Ultra-LEGe detector
elements, Canberra GmbH). The energy resolution was tested with a >>Fe source (5.9 keV)
and is approximately 150 eV for the shaping time of 2.5 us that we used for the EXAFS
experiments. Each spot on the CoCat sample was exposed for less than 35 min to
synchrotron radiation. We changed the spot on the sample by 0.5 mm (vertically) after
each scan. For cobalt K-edge XAS, an iron filter foil with thickness 12.5 um was put
directly in the sample compartment between the CoCat surface and the window facing
the fluorescence detector. No filters were used for the measurements at the potassium
and calcium edges. The spectra of the working 11 channels were averaged for each spot
on the samples. At least 5 different spots on each sample were taken.

The energy axis of the cobalt K-edge measurements was calibrated as discussed in
Chapter 2.1.3. For the measurements at potassium and calcium K-edge, the first inflection
point of each fluorescence spectrum was shifted to literature values of 3610.5 eV for
K(OH;)s (Glezakou et al. 2006) and 4042.5 eV for Ca(OH,)s (Fulton et al. 2003).
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3.1.4 EXAFS simulations

All simulations were performed using the in-house software packages ‘SimX’ (Dittmer
1999) and ‘SimX lite’ (by Dr. P. Chernev). The EXAFS data were extracted and simulated as
described in Chapters 2.1.3 and 2.1.4, respectively.

The phase functions were obtained by ab-initio simulations using FEFF 9.05 (Rehr and
Albers 2000, Rehr et al. 2009). For the simulation at the cobalt K-edge, the coordinates
were taken from a CoO, layer fragment of the LiCoO, structure with 10 cobalt atoms and
32 oxygen atoms*, which is shown in Figure 2.3 C. The scattering paths were obtained up
to a radius of 6 A for up to ‘four-legged’ paths. The simulation results with the new phase
functions for cobalt did not deviate significantly from those in Chapter 2.1.4. However,
the energy shift of Eq (relative to the value used for extraction of the experimental EXAFS
data) was increased to 3.5 eV (as found by EXAFS simulations of the experimental data).

Only single-scattering paths were used to simulate the interactions with atomic distances
below 5 A. For the M—M interaction near 5.6 A, we used the two multiple scattering
paths with the highest amplitude in k-space: (i) the 4-legged scattering path with the
absorber at an end point of the linear ‘chain’ of three atoms (4 legs with 2.8 A in either
direction); and (ii) the 3-legged paths with the absorber at an end point of the linear chain
(two legs with two times 2.8 A in one direction and a leg of 5.6 A length in the other
direction).

* This fragment is equivalent to 5 incomplete Cosz(u-0)¢ cubanes.
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3.2 Effect of the electrolyte composition on the cobalt oxidation state

In Chapter 2, we have discussed the oxidation state of the electrodeposited cobalt
catalyst (CoCat) as reported by Kanan and Nocera (2008). Here, we study the influence of
the electrolyte composition during deposition on the cobalt oxidation state using X-ray
absorption spectroscopy (XAS).

In Figure 3.1, we compare the X-ray absorption near-edge structure (XANES) spectra of
CoCat films deposited in KP;, KCI, CaCl, and that of a hexaaqua Co" reference (0.5 mM
Co” ions). Generally, the edge position of XANES spectra is affected by both the cobalt
oxidation state and the cobalt ligand environment (Teo 1986, Glatzel et al. 2009). In the
absence of major modifications of the ligands, higher oxidation states shift the edge posi-
tion to higher energies. The absorption edges of all CoCat films (Table 3.1) are clearly
above that of the Co" reference and scatter around the edge position of the Co" refer-
ence, with the exception of the KCI-CoCat.

The height of the pre-edge feature in XANES spectra typically increases with the oxidation
state of the probed metal, but it is also sensitive to the degree of symmetry around the
metal center (Yamamoto 2008). The former is explainable by increased p-d mixing of
metal orbitals due to shortening of metal-oxygen distances upon oxidation (Dau et al.
2003, Liebisch et al. 2005). In the inset of Figure 3.1, the intensity of the CoCat pre-edges
is higher than that of the Co" reference and also differs among the various CoCat samples.
The latter could relate to varying amounts of short p,—0O bonds.

Table 3.1. Edge positions of selected XANES spectra calculated by the half-height method and
the integral method (Dau et al. 2003) with limits 0.15<u<1.0.

Sample Half-height (eV) Integral (eV) Figure

KP-CoCat 7720.7 7721.0 2.1,3.1 A&B
LiOAc-CoCat 7720.6 7721.0 318
KOAc-CoCat 7720.4 7720.8 318

KCl-CoCat 7719.3 7719.8 3.1 A&B
CaCl,-CoCat 7720.3 7720.7 3.1 A&B

LiCo"0, 7720.5 7721.2 2.1

Co"OOH 7720.4 7721.0 n/a
Co" powder 7718.9 7718.5 2.1
Co" solution 7718.3 7718.4 3.1A,81

The experimental error of the edge positions is of the order of 0.1 eV.
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Figure 3.1. (A) Cobalt K-edge XANES spectra of the cobalt catalyst (CoCat) deposited in KP;
(grey line), KCI (dotted line) and CaCl, (dashed line) as well as the spectrum of Co"(OH,)¢ as a
reference (black line). The inset magnifies the pre-edge region. Calculated edge positions are

shown in Table 3.1. (B) The XANES spectra of the CoCat films deposited in acetate electrolytes

(KOAc and LiOAc) are similar to that of the KP;-CoCat. The left inset shows the maximum and

the right inset shows the pre-edge region. The omitted axis labels of all insets are identical to
those of the main figure.
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Figure 3.2. (A) Structure of a CoCat fragment and (B) Fourier-transformed (FT) cobalt K-edge
EXAFS spectra. For comparison, not only the EXAFS spectra of the cobalt catalyst (CoCat)
deposited in the indicated electrolytes are shown but also that of LiCoO,, a crystalline material
with alternating layers of Li* and CoO, (Shao-Horn et al. 2003). Experimental data is indicated
by symbols and EXAFS simulations (Table 3.2 and 2.1) are shown as lines. Note that the
distance on the x-axis of the Fourier-transformed spectra is reduced by 0.3 to 0.4 A relative to
the distance between nuclei obtained by simulation (Penner-Hahn 1999). Peaks marked by a,
b, c, d are assigned to the cobalt-oxido structure schematically shown in panel A (black, Co;
grey, us—0; dark grey, oxygen atoms that could be protonated as in hydroxide or water; or
may stem from the anionic ligands, such as phosphate or acetate. A plus sign (+) indicates the
peak assigned to CosCa cubanes (see Figure 3.3). The peaks marked by an asterisk (*) are
found specifically in the chloride-containing CoCat films; their origin is unknown.

3.3 Cobalt oxido clusters of varying size or order revealed by XAS

The structure of the CoCat films deposited in different electrolytes was elucidated using
EXAFS spectra measured at the cobalt K-edge. The Fourier-transformed (FT) EXAFS
spectra are shown in Figure 3.2. The dominating peaks labelled by a, b, ¢, and d are
detectable for all electrodeposited catalysts and for the micro-crystalline LiCoO,, which
consists of extended (practically infinite) layers of di-ps-oxido bridged Co" ions. The
scheme of Figure 3.2 A illustrates the assignment of these FT peaks to four vectors that
connect the X-ray absorbing cobalt ion and the respective backscattering atom (Risch et
al. 2009a). For all investigated compounds, the four major FT peaks (a-d) are found at
nearly the same distances (on the reduced distance axis of Figure 3.2 B) suggesting the



30 Role of anions and redox-inert cations

Table 3.2. Parameters of the EXAFS simulations for the CoCat spectra in Figure 3.2.
Co—O0 Co—Co

Sample No Ro (A) oo (A) Nco Reo (A) Oco (A)
CaCl,-CoCat 6.5+0.8 1.90+0.01 0.058+0.008 5.310.9 2.84+0.01 0.058+0.007
KCl-CoCat  5.0+0.8 1.91+0.01 0.051+0.011 3.4+0.8 2.85+0.01 0.05040.011
LiOAc-CoCat 6.1+0.5 1.89+0.01 0.057+0.005 3.9+0.5 2.821+0.01 0.060+0.006
KOAc-CoCat 6.0+0.6 1.90+0.01 0.057+0.006 4.5+0.7 2.83%0.01 0.066+0.007
KP-CoCat  6.0+0.6 1.89+0.01 0.063+0.007 3.310.7 2.81+0.01 0.063%0.009

All parameters were determined by curve-fitting (k-range of 3 A to 15 A™). The amplitude
reduction factor, Sy°, was 0.78 and the energy axis of the fit was shifted by +3.5 eV relative to the
initially selected Ey of 7710 eV. The parameter errors correspond to the 68 % confidence interval,;

see Chapter 2.1.5 for details on the calculation of the confidence intervals.

prevalence of cobalt-oxido motifs similar to the one shown in Figure 3.2 A in all CoCat
films. The presence of Co4(ps—0)s cubanes is conceivable; it is neither excluded nor
proven by the presently available experimental results (Risch et al. 2009a, Risch et al.
2009b, Kanan et al. 2010) and theoretical results (Mattioli et al. 2011) on the CoCat
structure. In conclusion, all investigated CoCat films are characterized by extensive di-p-
oxido bridging between Co" ions, resulting in more (CaCl,) or less extended (KP))
structures consisting of edge-sharing CoO¢ octahedra. In the following, the described
oligocobaltates are denoted as cobalt-oxido clusters.

The amplitude of the peaks in the FT relates to the abundance of the structural motif
assigned to the indicated Co—0O/Co—Co distances. It is clearly visible that the peak
amplitudes assigned to Co—Co vectors increase when going from the KP;-CoCat (bottom
FT in Figure 3.2 B) to the crystalline LiCoO, reference (top FT in Figure 3.2 B, see also
Table 3.9). This increase is especially pronounced for peak d, which relates to a linear
arrangement of three (or more) cobalt ions and thus reflects structural order extending
beyond the second coordination sphere. Maximal peak amplitudes are observed for the
well-ordered and essentially infinitely extended CoO, layer of the crystalline LiCoO,. In
the CoCat samples, the comparatively low amplitudes of the FT peaks labelled by a-d
reflect a reduction in the order of the Co(u—0), layers (e.g., by extended vacancies) or in
the size (nuclearity) of individual Co(pn—0), fragments. This means that the chloride-
containing samples likely exhibit the highest degree of order among all CoCat samples.

Quantitative information about the number of the X-ray absorbing cobalt atoms and the
inter-atomic distances can be obtained by simulation of the measured EXAFS spectra. The
results of these EXAFS simulations are summarized in Table 3.2. We find nearly constant
Co—O bond lengths between 1.89 A and 1.91 A. The average bond length for hexacoor-
dinated Co" is 1.90 A (Wood and Palenik 1998), which corroborates the prevalence of Co"
in the CoCat samples. Within the parameter errors, we found an average coordination



Role of anions and redox-inert cations 31

Table 3.3. Alternative simulations of the cobalt K-edge EXAFS data shown in Figure 3.2. The
difference to Table 3.2 is the inclusion of an additional Co—Co interaction at 5.6 - 5.7 A. The
parameters of the Co—O vector are identical to those in Table 3.2.

Co—~Co; Co—~Co;,
Sample N R (A) o (A) N R (A) o (A)
CaCl,-CoCat  6.0+0.3 2.84+0.01 0.061* 3.620.7 5.68+0.01 0.070*
KCI-CoCat 4.3+0.3 2.85+0.01 0.061* 2.7+0.8 5.69+0.01 0.070*
LiOAc-CoCat 4.0+0.2 2.82+0.01 0.061* 1.2+0.4 5.64+0.02 0.070*
KOAc-CoCat 4.0+0.2 2.83+0.01 0.061* 1.1+0.5 5.64+0.02 0.070*
KP;-CoCat 3.2+0.2 2.81+0.01 0.061* 0.4+0.4 5.61+0.06 0.070*

The parameters marked by an asterisk were fixed; all other parameters were determined by
curve-fitting (k-range of 3 A™ to 15 A™). The amplitude reduction factor, S,°, was 0.78 and the
energy axis of the fit was shifted by +3.5 eV relative to the initially selected E, of 7710 eV. The
degree of freedom was 28 (Equation 2.3). The data were Fourier-isolated between 0 A and 7 A
(on the reduced scale) for calculation of the parameter errors after parameter minimization.

number (No) of about 6 for all CoCat samples, which indicates that CoOg octahedra pre-
vail. Only in the KCI-CoCat, the determined coordination number was lower (~5), but this
figure may not be statistically significant. We cannot rigorously exclude that chloride
ligation relates to the low first-sphere coordination number determined for the KCI-
CoCat. Yet in the CaCl,-CoCat, there are no indications for coordination of chloride in the
first cobalt ligand sphere.

The shortest Co—Co distance of about 2.8 A (Rco, peak b in Figure 3.2) is assignable to
cobalt ions that are interconnected by (us3-0), or (u3-O)(u,-OH) bridges. This bridging type
also can be described as edge-sharing between CoOg octahedra. Within error, the
distance between three collinearly arranged cobalt ions (peak d in Figure 3.2) is found to
be twice the shortest Co—Co distance (Table 3.3). The Co—Co distance of this motif
appears to increase slightly from the Pi-CoCat sample (2.81 A) via the OAc-CoCat samples
(2.82/2.83 A) to the Cl-CoCat samples (2.84 A); this increase could be statistically signifi-
cant but presently we cannot offer a reasonably simple explanation. In a perfectly well
ordered layer of edge-sharing CoOg octahedra as present in LiCoO,, the EXAFS coordina-
tion numbers of the 2.8 A (N¢, in Table 3.2) and of the 5.6 A distances (see Table 3.3)
would equal 6. In all CoCat samples, the lacking order results in a pronounced decrease of
these coordination numbers. A comparatively low value of N, could result from a small
size (or low nuclearity) of intrinsically well-ordered fragments of edge-sharing CoOg
octahedra or a low order within an extended structure of CoOg octahedra resulting, e.g.,
from a high number of cobalt vacancies.
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Figure 3.3. Fourier-transformed EXAFS spectra of cobalt catalyst (CoCat) films taken for a KP;-
CoCat film at the potassium K-edge (top) and for a CaCl,-CoCat film at the calcium K-edge
(bottom). Open squares indicate experimental data and lines show simulations for the
indicated abundance (in percent) of the cubane motif in the CoCat samples (Tables 3.4, 3.5
and 3.6). The structural motifs assigned to selected peaks are schematically displayed (black,
Co; light grey, O; dark grey, K or Ca).

Chemical modifications, e.g., 1,—OH instead of us—O bridging, could increase the EXAFS
Debye-Waller parameter (6¢,). The KP-CoCat appears to be characterized by a high ¢,
and a low N¢,, as opposed to the CaCl,-CoCat where a higher order is reflected in a clearly
higher N¢,-value and a slightly smaller value of 6¢,. Unfortunately, the strong correlation
between values determined by EXAFS fits for N¢, and o¢, obscures clear trends of either
parameter in the herein investigated series of CoCat films. To circumvent this numerical
problem, EXAFS fits were carried out using the same o, value for all CoCat films. The
resulting coordination numbers (Table 3.3) follow the trend suggested by the amplitudes
of the peaks b and d (Figure 3.2, Table 3.2).

Phosphate oxygen atoms as cobalt-bridging ligands can be excluded because this would
cause elongation of the Co-Co distance beyond 2.81 A. However, terminal phosphate
ligation is conceivable. McClintock and Blackman (2010) proposed a new bidentate
bonding mode of phosphate for the termination of the cobalt-oxido clusters (see
Chapter 2.4).
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Table 3.4. Parameters of the potassium K-edge EXAFS simulations displayed in Figure 3.3.
K—O K—Co
Cubanes N R(A) o (A) N R(A) Ry v
0% 5.9 2.75 0.115 -- - 21 10
10 % 6.0 2.75 0.116 0.3 3.68 18 8
20% 6.0 2.75 0.116 0.6* 369 23 9
40 % 6.2 2.75 0.118 1.2* 369 45 9
70 % 6.4 2.75 0.121 21* 370 8 9

The parameters marked by an asterisk were fixed; all other parameters were determined by
curve-fitting (k-range of 3 A to 11 A™). In all simulations, the amplitude reduction factor,
So’, was 0.77 and the energy axis of the fit was shifted by 3.0 eV relative to the initially
selected Eq of 3600 eV. The R—value was calculated between 1.3 A and 3.8 A (on reduced
scale). The Fourier transform for the calculation of the R-value was carried out between
20 eV and 500 eV with a cos? window covering the first and last 30% of the range. The
v—value denotes the degrees of freedom. The Debye-Waller parameter of the K—Co
interaction was fixed at 0.063 A.

The distance between cobalt and phosphorous atoms is only 2.52 A. The XAS data does
not provide support for such a Co—P distance, but phosphate coordination to a minor
population of cobalt ions cannot be excluded rigorously.

3.4 Location of redox-inert cations uncovered by EXAFS analysis

The EXAFS spectra in Figure 3.2 could also contain weak contributions of backscattering
by lithium, potassium or calcium ions. However these interactions are difficult (potas-
sium, calcium) or impossible (lithium) to resolve by EXAFS spectroscopy at the cobalt
K-edge as the scattering probability decays quickly with decreasing atomic number
(Koningsberger et al. 2000). Based on cobalt K-edge EXAFS, we have proposed, tenta-
tively, that the distance between the X-ray absorbing cobalt ion and a backscattering
potassium ion may be approximately 3.8 A (in the KP-CoCat) (Risch et al. 2009a). Subse-
guently, (Kanan et al. 2010) analyzed the EXAFS spectra of KP;- and NaP;-CoCat films. They
found no differences exceeding the noise level and thus concluded that their data is
inconsistent with a significant number of Co—K vectors. In the following, we discuss
experimental results on the coordination of potassium and calcium ions in selected CoCat
films. The FTs of EXAFS spectra collected at the potassium or calcium K-edges are
displayed in Figure 3.3. Both experiments were designed to reveal whether potassium
and or calcium ions may be part of a distorted (K/Ca)Cos(u—0)4 cubane, in analogy to the
CaMn;z(p—0)4 cubane found in the biological CaMn4 complex (Ferreira et al. 2004, Dau et
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al. 2008, Grundmeier and Dau 2011, Umena et al. 2011) and in water-oxidizing Mn-Ca
oxides (Zaharieva et al. 2011).

The Fourier-transformed (FT) EXAFS spectrum of KP;-CoCat samples at the potassium
K-edge is shown in the top panel of Figure 3.3. Clearly, the strong peaks expected for high
abundance of the KCos(u—0)4 cubane motif are absent in the data. We calculated EXAFS
spectra under the assumption that 70 %, 20 %, 10 % or 0 % of all potassium ions in the
CoCat sample have three cobalt neighbours and can thus be considered part of a cubane
motif as depicted in Figure 3.3. When the number of K—Co distances is varied freely
during parameter optimization, we found that only about 10 % of the three K—Co

Table 3.5. Parameters of the calcium K-edge EXAFS simulations displayed in Figure 3.3.

Ca—O Ca—Co A Ca—Co B
Cubanes N R(A) o (A) N R(A) N R(A) R v
0% 7.9 240 0.101 04 295 -- -- 47 10
33% 8.1 240 0.102 -- -- 1.0 346 44 10

33% 8.0 2.40 0.102 05 29 1.0 346 24
40 % 8.0 2.40 0.102 0.5 296 1.2* 347 25
70 % 8.1 2.40 0.103 0.5 296 2.1* 347 48

See explanations below Table 3.6.

Table 3.6. Parameters of an alternative simulation of the calcium K-edge EXAFS data
(Figure 3.3) in which we assumed that the shorter distance at approximately 3 A is caused by
chloride ions.

Ca—O Ca—Cl Ca—Co
Cubanes N R(A) o (A) N R(A) N R(A) R v
0% 7.8 240 0.104 0.6 3.08 -- -- 49 10
34 % 7.5 2.40 0.101 - - 0.9 3.47 44 10

34 % 8.0 2.40 0.106 0.7 309 11 346 23 8
40 % 8.0 2.40 0.105 0.8 3.09 1.2* 346 23 9
70 % 8.1 2.40 0.108 0.9 3.09 21* 347 47 9

The parameters marked by an asterisk were fixed; all other parameters were determined by
curve-fitting (k-range of 3 A to 11 A™). In all simulations, the amplitude reduction factor, S5,
was 0.75 and the energy axis of the fit was shifted by 1.9 eV relative to the initially selected E,
of 4025 eV. The R~value was calculated between 1.3 A and 3.8 A (on reduced scale). The
Fourier transform for the calculation of the Rr-value was carried out between 20 eV and 800 eV
with a cos? window covering the entire range. The v—value denotes the degrees of freedom.
The Debye-Waller parameter, o, of the Ca—Co and Ca—Cl vectors was 0.063 A and 0.050 A,
respectively.
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Table 3.7. Elemental compositions of cobalt catalyst (CoCat) films in nmol-cm™ obtained from
atomic absorption spectroscopy (AAS). All films were deposited for 90 min at 1.35 V and pH 7.

Sample Ca K Co PO,>

KPi-CoCat 9 418 1611 456
(<1%) (<26%) (100%) (28%)
KOAc-CoCat <5 <10 206 --
(<3%)  (<5%) (100%)
KCl-CoCat <3 <5 ~34 --
(<9%) (<15%) (100%)
CaCl,-CoCat <7 <2 ~21 -

(<32%) (<11%) (100%)

For every sample, 12 individual CoCat films were produced and dissolved in HCI (first two
samples) or H,SO, (last two samples).

distances may be constituents of highly distorted KCos(u—0)s cubanes (Table 3.4). The
absence of any well resolved peak in the Fourier-transformed EXAFS suggests that there is
no prevailing binding motif; the majority of the potassium ions may be distributed
relatively randomly between fragments of cobalt-oxido layer in form of largely hydrated
ions, as discussed previously for the KP;-CoCat (Dau et al. 2010, Gerken et al. 2011). This is
supported by the large G-value of the K—O bond and the long bonding distance of 2.75 A
(Table 3.4), which agrees well with the value reported for potassium ions in aqueous solu-
tions (Fulton et al. 2003, Glezakou et al. 2006).

The EXAFS data taken at the calcium K-edge of CaCl,-CoCat samples are shown in the
bottom panel of Figure 3.3; several FT peaks are resolved. We assign the first peak
(reduced distance of about 2 A) to 8 oxygen ligands of the calcium ion. The other peaks in
the FT are assignable, most likely, to Ca—Co vectors. In the following, we will focus on
the evaluation of the EXAFS data that correspond to a Ca—Co distance of 3.46 A. This
distance is very close to the 3.49 A reported for the CaCos(p—0)s cubane in a synthetic
complex (Ama et al. 2010) and also compares favourably to the Ca-Mn distance in the
photosynthetic manganese complex (Cinco et al. 2002, Miiller et al. 2005, Dau and
Haumann 2008, Umena et al. 2011). Therefore, we assign the 3.46 A distance to the 3
Ca—Co vectors of a CaCos(u—0O)4 cubane. A corresponding peak is visible in the FT of the
cobalt K-edge EXAFS (marked by plus sign in Figure 3.2 B). From simulations of the
calcium K-edge, it follows that 30 % to 40 % of the calcium ions could have three cobalt
neighbours. In this case, calcium ions may be arranged in the form of CaCosz(p—O0),
cubanes.
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Figure 3.4. Scanning electron microscopy (SEM) images of cobalt catalyst (CoCat) surfaces
deposited on glassy carbon. The scale is indicated by a white bar. All films were deposited for
90 min at 1.35 V and pH 7. These micrographs show that the amount of cobalt increases for
deposition in chloride via acetate to phosphate electrolytes. Analogous micrographs can be
obtained for CoCat films deposited in KP;, when the amount of cobalt is controlled by the
deposition duration for otherwise unchanged conditions (not shown). The average size of
CoCat clusters on the glassy carbon surface was estimated from the micrographs as 50 nm for
deposition in CaCl, and 30 nm for deposition in KCl. For complete coverage, the SEM profile
may be used to estimate the final film thickness. We found that deposition in acetates forms a
smooth film with 20 nm thickness and that the CoCat deposited in KP; forms a rougher bulk film
with 300 nm thickness on average. This bulk layer is then further decorated by nodules which
can extend up to 1 um above the bulk surface.

In summary, the atomic structure of the CoCat films deposited in any electrolyte is highly
similar and can be described as clusters of edge-sharing CoOg octahedra. Monovalent
cations (K, Li*, Na*) may be present in form of hydrated ions bound largely unspecifically
between the cobalt-oxido layers, while a sizeable fraction of the divalent calcium ions
may participate in formation of CaCosz(p—0)s cubanes. The order or size of the cobalt-
oxido clusters depends on the type of anion present during electrodeposition. In the
following, we will discuss the electrochemical performance of these films and relate the
above structural differences to the water-oxidation activity of the catalyst.
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3.5 Functional analysis by cyclic voltammetry

Analysis of the fluorescence counts in the XAS experiments (not shown), elementary
analysis by atomic absorption spectroscopy (AAS, Table 3.7), and scanning electron
microscopy (SEM, Figure 3.4) show that the amount of cobalt ions electrodeposited
within 90 min at 1.35 V varies strongly with the electrolyte composition. For the CoCat
samples deposited in chloride electrolytes, the amount of deposited cobalt is insufficient
for complete surface coverage of the electrode with the cobalt oxide (CoCat islands in top
row of Figure 3.4). In acetate and phosphate electrolytes, surface-covering CoCat films of
about 20 nm (KOAc) and 300 nm (KP;) thickness are formed (Figure 3.4). Since all CoCat
films were deposited for 90 min, a lower amount of deposited cobalt ions implies a lower
deposition rate (rq*>> in Table 3.9).

The deposition protocol was optimized because functional analysis by means of electro-
chemical methods is influenced by pronounced differences in the amount of cobalt ions
on the electrode or even partial coverage of the electrode surface. The films in these
optimized experiments were deposited at 1.05 V, that is well below the onset of any
detectable catalytic current (Figure 3.5), and deposition was stopped after a charge of
5 mC-cm™ had passed. On average, this took between 20 min in KP; and 3 h in CaCl,.

0.3

—KPi — KCI . .
1— LioAc —_CaCl Figure 3.5. Cyclic voltammograms
0.24 2 (CV) of CoCat films measured in 0.1 M
|—KOAc (I w KP; at pH 7 (2" cycles shown). The
0.1 - v films were deposited in the indicated

electrolytes under otherwise identical
conditions (1.05 V; 5 mC-cm™). All CVs
were corrected for the iR drop (R =
50 Q) during the measurement. The
scan rate was 20 mV-s ', Oxidation of
A (1) cobalt ions or water corresponds to
0.8 ) 1:0 ) 1:2 ) 1.4 positive currents; negative currents
1 s 1 2 1 2 relate to cobalt reduction. In the top
panel, the pre-wave region is
magnified. The tip of the triangles
indicates peak potentials, E,, resolved
in the respective current wave (Table
3.8). In the bottom panel, the
complete CV cycle is shown. In the
inset, the catalytic current density is
shown as obtained by averaging the
current densities of the anodic scan
and the cathodic scan at the
respective potentials.
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Table 3.8. Midpoint potentials for the CV data shown in Figure 3.5. All potentials are given
relative to the normal hydrogen electrode (NHE) in volt.

Anodic Cathodic Midpoint

Sample | Il | Il | Il
KP;-CoCat n/a 0.95 n/a 0.91 n/a 0.93
KOAC-CoCat 0.85 1.01 0.81 0.94 0.83 0.98
LiOAc-CoCat 0.84 1.02 0.80 0.95 0.82 0.98
KCI-CoCat 0.79 1.01 0.74 0.96 0.76 0.99
CaCl,-CoCat 0.82 0.97 0.76 0.94 0.79 0.95

The peak potential of the anodic and cathodic waves was determined from the maxima and
minima of 4" derivatives.

Assuming 100 % Faradic efficiency (Kanan and Nocera 2008), approximately 50 nmol-cm™
of cobalt ions were deposited, resulting in complete coverage of the electrode. We do not
anticipate that deposition at a lower potential influences the atomic structure
significantly.

Cyclic voltammograms (CV) of the CoCat films deposited in the different electrolytes are
displayed in Figure 3.5. All CoCat films that were not deposited in KP; solution exhibit an
additional pre-wave at lower potentials (marked by | in Figure 3.5); the respective peak
potentials are listed in Table 3.8. The corresponding redox transition is not detectable in
the KP;-CoCat, but all CoCat films have pre-wave features close to 1 V (marked by Il),
except for the KP;-CoCat and the CaCl,-CoCat where the midpoint potential is lower by
70 mV and 50 mV, respectively. In all CoCat films, a third midpoint potential associated
with a Co"" redox couple is anticipated (marked by Ill), but cannot be calculated from
the CV since the anodic wave of the redox couple is hidden in the catalytic wave. Identifi-
cation of the three redox couples detected in the CVs has not been achieved yet at the
atomic level. For an assignment of redox transitions in CoCat films, see (Gerken et al.
2011).

The current-voltage dependence (Tafel plot; inset of lower panel in Figure 3.5) demon-
strates that the catalytic activity of the CoCat films does not depend strongly on the
choice of the electrolyte during deposition. The current densities in the Tafel plot were
obtained from the average current densities of the shown anodic and cathodic scans.
Depending on the potential, there is a factor of 2.7 to 4.4 between the current densities
of the least active CoCat films and the most active KP;-CoCat film. Interestingly, the better
ordered Cl-CoCat films outperform OAc-CoCat films for potentials greater 1.3 V. None-
theless, the catalytic currents of the KP-CoCat are still unmatched by the CoCat films
prepared in an electrolyte other than KP;. Note that the Tafel slope of the KP;-CoCat in
Figure 3.5 is larger than previously reported (Surendranath et al. 2010), possibly because
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Table 3.9. Relation between deposition rates (rg in nmol-h™*-cm™), atomic order as reflected
in pA-cm™), the reduction charge (AQqeq in

in FT peak amplitudes, catalytic activity (j
mC-cm™) and redox activity (AQred/Quep)-

1.25

1.35

1.05

Sample rq Peakb Peakd rq Qred  Qrea/Quep J*°
KP;-CoCat 1074 8.6 0.8 169 2.7 53% 251
KOAc-CoCat 138 9.7 1.1 173 1.8 36 % 136
LiOAc-CoCat n/a 10.3 1.4 157 1.9 38% 164
KCl-CoCat ~23 11.1 3.0 36 0.9 18 % 74
CaCl,-CoCat ~14 15.6 3.5 35 0.9 17 % 57

The value of r,;~** was obtained from CoCat films deposited for 90 min at 1.35V and
subsequent measurement of the amount of cobalt deposited (Table 3.7), whereas rs"% was
obtained for deposition of cobalt ions at 1.05 V until current integration indicated that a

preset deposition charge had been reached (Qgep = 5 mC-cm’%; assuming Co"—Co

" oxidation

during deposition, which corresponds to deposition of about 50 nmol-cm™ onto the

electrode). The column headers 'Peak b' and 'Peak d' refer to the amplitude of the respective
FT peak in Figure 3.2. The reduction charge (Q,.q) Was obtained by integration of the negative

cathodic currents in Figure 3.5. The ratio between the reduced cobalt atoms (Q,eq) and the

total charge passed during deposition at 1.05 V (Qqep) provides an estimate of the fraction of

cobalt ions that change their oxidation state during the CV scan. The fraction of oxidizable

cobalt ions is denoted as redox activity of the respective CoCat film. The current density j

1.25

was calculated from the average of the anodic and cathodic scans at 1.25 V and serves as an
estimation of the catalytic activity

(see text).

the herein shown Tafel data relates to relatively high overpotentials and was obtained
under non-equilibrium conditions. At high overpotentials, the catalytic rate is limited by
coordination of the hydrogen phosphate ions (HPO4>) with the CoCat surface (Elizarova et
al. 2000, Gerken et al. 2011), whereas the current at lower overpotentials may reflect the
catalytic activity of the CoCat itself (Surendranath et al. 2010). Therefore, the catalytic
current at 1.25 V may be most informative and thus this figure is included in Table 3.9. In
the investigated CoCat films, the catalytic current at 1.25 V is found to be approximately
proportional to the redox activity (AQreq/Quep; Straight line in Figure 3.6). This indicates
that an increased capacity for charging of the CoCat film by oxidation of cobalt ions
correlates with an increased catalytic activity.

3.6 Proposal for the active site based on structure-function relations

The data collected in Table 3.9 bridges between the structural information derived from

EXAFS spectra and the functional data obtained by cyclic voltammetry. A decrease of the
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Figure 3.6. Relation between catalytic current (j), a qualitative measure of the structural
order (FT amplitude), and the redox activity (Qres/Quep). The structural order (squares) is
measured by the FT amplitude of the peaks marked by d in Figure 3.2. The redox activity
(circles) was obtained by taking the ratio between the integral of the negative cathodic
currents in Figure 3.5 (Qrq) and the deposition charge (Qqep). The current density on the x-
axis is the average of the cathodic and anodic currents at 1.25 V in the CVs of Figure 3.5. The
lines are shown to guide the eye; they were calculated assuming linearly increasing redox
activity and hyperbolically decreasing structural order.

catalytic activity as well as a concomitant decrease of the redox activity* was observed
for an increase in atomic order of the CoCat* (Figure 3.7). In the KP;-CoCat (lowest atomic
order in Table 3.9) approximately half of all cobalt ions change their oxidation state for an
increase of the potential from about 0.7 to 1.35 V under the assumption of one-electron
oxidation steps. For the CoCat films deposited in acetate and chloride electrolytes, 37 %
(acetate) and 18 % (chloride) of all cobalt ions are redox-active. Likewise, the current
density at 1.25 V decreases by a factor of 4.4 between the KP;-CoCat and the CaCl,-CoCat.
Both the catalytic and redox activity depend strongly on the anion of the electrolyte used
during deposition and only weakly on the redox-inert cation. This is analogous to the
observed variations in the atomic order and suggests that both activity differences are
rooted in structural modifications.

There is virtually no difference between the redox activity or the catalytic activity of the
catalysts deposited with different cations (lithium versus potassium in the acetate-
containing CoCat films; calcium versus potassium in the chloride-containing CoCat films).

* Redox activity is the capacity of cobalt ions to change their oxidation state.
t A measure of the atomic order was obtained from the FT peak heights in Figure 3.2.
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This suggests that the redox-inert cations of the CoCat are not crucially involved in the
rate-determining step of the water oxidation reaction.

The relation between atomic order and activity is illustrated in Figure 3.6. Redox activity
(Qred/Qqep) and catalytic activity (j) decrease monotonically for increasing size (or order) of
the clusters of edge-sharing CoOg octahedra. This can be rationalized by the following
hypothesis. The active sites of the catalyst that facilitate both redox activity and catalytic
activity are located at the periphery of cobalt-oxido clusters. This site comprises the
peripheral cobalt and oxygen atoms (emphasized by a darker hue in Figure 3.7) as well as
possibly ions of the electrolyte. Consequently the fraction of redox-active cobalt ions
(relative to the total number of cobalt ions) and the water-oxidation activity decreases
with increasing cluster size.

Figure 3.7. Different sizes of hypothetical cluster of which relate to CoCat films of low order
(A) and increased order (B). A macroscopic CoCat film could consist of such clusters of edge-
sharing CoOg octahedra separated (or interlinked) by the ions of the electrolyte and water
molecules (not shown for clarity). Cobalt ions are displayed in black and oxygen atoms in
grey. Terminal oxygen atoms (denoted O¢) and p,—O atoms are drawn in a darker hue than
Ms—0 atoms. The atoms in dark grey could be ligated to molecules of the electrolyte and they
may be protonated (Mattioli et al. 2011). The shown cluster sizes satisfy the constraints
implied by the EXAFS simulations of the KPi-CoCat (A) and the KCI-CoCat (B) in Table 3.3.
Note that the presentation as a molecular cluster of distinct size is highly idealized. Neither
the presence Co4(p—0,) cubanes nor extended cobalt vacancies in the layer structure are
excluded by the EXAFS data.
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The observed decrease of the current with increasing size of cobalt-oxido clusters
provides circumstantial experimental support for the hypothesis that the terminal oxygen
atoms and likely also the oxygen atoms in the p,—O bridges of the metal oxide play a
pivotal role in water oxidation. The important role of the u,—O bridges for efficient water
oxidation was also discussed for synthetic manganese-calcium oxides (Zaharieva et al.
2011).

The four-electron/four-proton chemistry of water oxidation may involve the accumula-
tion of multiple oxidation equivalents on neighbouring cobalt ions at the periphery of the
cobalt-oxido clusters. This is coupled to deprotonation of bridging hydroxides or of termi-
nally coordinated water species. Anions and redox-inactive cation may modulate the
redox chemistry of the cobalt catalyst film, but likely are not involved directly in the
chemistry of water oxidation. Future in-situ investigations by structure-sensitive methods
could provide the information needed for leaving the realm of speculation when
discussing the chemistry of water oxidation in amorphous bulk oxides of cobalt or other
first-row transition metals.

3.7 Summary

Previously, we had found that the atomic structure of the CoCat deposited in KP; consists
of edge-sharing CoO¢ octahedra (Chapter 2). This basic architecture is preserved for prep-
aration in electrolytes with various anions and cations. X-ray absorption spectroscopy at
the K-edges of the cations revealed that potassium binding is largely unspecific, whereas
CaCo304-cubanes may form. The latter resemble the CaMn304-cubanes of the biological
catalysts in oxygenic photosynthesis. A significant contribution of phosphate anions to
cobalt-bridging ligands was excluded.

No specific combination of anions and redox-inactive cations is required for catalytic
water oxidation. However, the anion type modulates not only the size (or order) of the
cobalt-oxido clusters but also the electrodeposition rate, redox potentials, capacity for
oxidative charging, and catalytic currents. The catalytic current at moderate overpotential
is found to be approximately proportional to the capacity for accumulation of oxidation
equivalents. Based on circumstantial evidence, we conclude that the accumulation of
oxidation equivalents, as well as the chemistry of O—O bond formation, proceeds at the
periphery of more or less extended cobalt-oxido clusters.
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Chapter 4

Cobalt L-edge and oxygen K-edge spectroscopy for
complementary insights into the electronic structure of
the CoCat

X-ray absorption spectroscopy (XAS) at the cobalt K-edge suggests that the central struc-
tural unit of the CoCat is a cluster of interconnected complete or incomplete Co"'3/4(u—0)4
cubanes and combinations thereof (Chapter 2). The electronic structure of the CoCat is
scrutinized by means of XAS at the cobalt L, ;-edges and the oxygen K-edge. Cobalt L-edge
XAS suggests that low spin Co" ions prevail in the CoCat. The observed differences in the
oxygen K-edge XAS spectra root in the atomic and electronic structure of the probed
material. The spectroscopic methods discussed herein provide both complementary
(oxidation state) and additional information (spin state and orbital hybridization) about
the electronic structure of the transition metal oxides. We conclude that the combination
of hard and soft X-ray spectroscopy at the oxygen and metal absorption edges is valuable
when characterizing the CoCat or other transition metal oxides.

tooon

Portions of this chapter have been prepared for publication

M. Risch, I. Zaharieva, K. Lange, J. Heidkamp, P. Chernev, A. Fischer, E.F. Aziz, and H. Dau,
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P.C. wrote software for data evaluation;
I.Z., P.C. performed DFT calculations.
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4.1 Materials and methods

4.1.1 Electrochemistry

All potentials are given relative to the potential of the normal hydrogen electrode (NHE).
We employed a three-electrode setup driven by an SP-200 potentiostat (Bio-Logic SAS,
Claix). The electrochemical cell consisted of a custom-made glass vessel, a glassy carbon
working electrode (area approximately 1 cm?), a platinum mesh counter electrode and an
Hg/Hg,S0, reference electrode (650 mV vs. NHE). The iR drop across the electrochemical
cell (electrolyte and working electrode) was not corrected.

4.1.2 Sample preparation

The films denoted KP;-CoCat were formed by anodic electrodeposition in agueous solu-
tions of KH,PO4 and K;HPO4 (0.1 M each), which were mixed to obtain a buffer with pH 7.
This buffer will be called KP; henceforth. For deposition, an appropriate amount of
Co(OH,)e(NO3), was added so that the final concentration of Co®* ions was 0.5 mM. We
deposited the films potentiostatically for either 10 min at 1.35 V or for 40 min at 1.05 V.
At the latter potential, catalytic activity may be neglected and the deposition charge of
10 mC corresponds solely to the amount of deposited cobalt ions. The films labelled KCI-
CoCat were deposited in 0.1 M KCI (pH 7) with 0.5 mM Co®" ions. The pH of the KCl elec-
trolyte was adjusted using KOH. A potential of 1.30 V was applied for 110 min.

The CoCat films were stored in a desiccator under low vacuum prior to usage at the
synchrotron. Before any of the films were loaded into the sample chamber for
synchrotron measurements, we inserted them into either cobalt-free KP; or KCI
electrolytes, depending on which was present during deposition. The same potential as
the one used during deposition was applied for 2 min. After this activation procedure, the
samples were quickly dried using dry air and glued to a stainless steel sample holder using
double-sided carbon tape.

As reference compounds, we used cobalt oxide compounds bought from Sigma-Aldrich
(see Appendix A.2). Additionally, Co""OOH was prepared by annealing of Co"(OH), in air
flow for 48 h (Amatucci et al. 1996). The transformation to Co"OOH was verified by X-ray
powder diffraction (not shown). All reference materials were measured as powders.
Before measurement, they were ground for at least 15 min using mortar and pestle. A
thin layer of the respective powder was transferred onto the sticky side of a piece of
carbon tape by dipping the tape into the finely ground powder and shaking off any excess
powder. This procedure was repeated until the carbon tape was evenly covered with the
desired powderous sample.
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4.1.3 X-ray absorption spectroscopy

The XAS measurements at the oxygen K-edge and cobalt L, ; edges were performed at the
U41-PGM dipole beamline of the Helmholtz-Zentrum Berlin for Materials and Energy
(formerly BESSY I, Berlin). The sample chamber of the Liquidrom endstation (Aziz et al.
2009) was employed. Typical pressures were below 5:10° mbar in the measurement
chamber.

The sample holder was mounted behind the focus of the beamline to increase the irradi-
ated area to prevent any radiation-induced modifications (‘radiation damage’) by
lowering the beam intensity. The spectra were collected with strong additional
attenuation of the beam in order to avoid further modification of the cobalt oxidation
state during the scan (20 um exit slit; aperture 0.15 for cobalt L-edge and 0.35 for oxygen
K-edge; cff 0.15). With these settings, subsequent measurements on the same sample
spot were identical.

The XAS spectra were recorded in fluorescence yield mode using a GaAsP photodiode
(type Hamamatsu G1127-04, area 25 mm?). The diode was mounted as close as possible
to the sample holder with an angle of 45° relative to the X-ray beam. Each spectrum is the
average of at least two different scans taken of different spots on the respective sample.
The fluorescence spectra were normalized by the intensity of the incident radiation
obtained from a gold mesh placed before the sample chamber.

An absolute energy calibration was achieved by shifting all XANES spectra so that selected
strong features in these spectra align with identical features in previous reports as
detailed below. The spectra for calibration were recorded after each injection and after
each major change to the undulator settings. For the energy calibration of the cobalt
L-edge data, we shifted the main peak of the CoO L3 edge to 777.85 eV (Regan et al.
2001). For the oxygen K-edge data, we shifted the pre-edge of the LiCoO, spectrum to
527.8 eV (Yoon et al. 2002). The used literature values have been obtained by calibration
to the electron yield spectra of metal foils (cobalt for the L-edge data and vanadium for
the oxygen K-edge data).

4.1.4 DFT Calculations

Closed-shell DFT single-point calculations were performed with the ORCA program
package (Neese 2007). The Becke-Perdew BP86 functional (Perdew 1986, Becke 1988)
and a triple-zeta valence plus polarization (TZVP) basis set (Schafer et al. 1994) was used.
The resolution of the identity (RI) approximation was employed. Tight self-consistent field
convergence criteria were used. Figure 4.1 shows the fragment of the CoOOH crystal
structure (Delaplane et al. 1969) which was used for calculation of the molecular orbitals.
The fragment contains 9 cobalt ions with the appropriate number of oxygen ions (35) and
protons (28). This ensures octahedral coordination of all nine cobalt ions as can be seen in
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Figure 4.1. However, it also results in an excess charge of -15. Mulliken population
analysis was performed as implemented with ORCA.

X-ray absorption K-edge intensities were calculated using the time-dependent DFT for-
malism (George et al. 2008) for the oxygen atom displayed in black (Figure 4.1).The elec-
tron spins were restricted to low spin singlet states. Electron transitions from the oxygen
1s state to the lowest 400 unoccupied molecular orbitals were considered. Magnetic
dipole and electric quadrupole contributions to the spectrum were also taken into
account. All resulting transition energies were shifted by 20 eV for alignment with the
experimental spectra.

Figure 4.1. Model used for DFT
calculations of CoOOH. The absorption
spectra were calculated for the oxygen

atom shown in black. Other oxygen atoms
are red; cobalt atoms are blue and protons
white. The coordinates of the CoOOH
crystal structure were taken from
reference (Delaplane et al. 1969).
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4.2 Oxidation state revealed by cobalt L-edge XANES

Figure 4.2 shows the XANES spectra obtained at the cobalt L, s;-edges. The transitions
involve formation of a 2p core hole and probe the partly filled 3d states. Therefore, the
method is also called 2p (core hole) spectroscopy (de Groot and Kotani 2008). The posi-
tion of the peaks shifts with the metal oxidation state (Cressey et al. 1993, Grush et al.
1996) and the shape of the XANES spectra can be related to the electronic structure of
the materials (de Groot et al. 1990). The reference materials in Figure 4.2, CoO and
LiCoO,, have been studied extensively by various experimental and computational
methods. Thus, their geometric and electronic structures are well known (Saito et al.
1966, Krivanek and Paterson 1990, Czyzyk et al. 1992, de Groot et al. 1993, Akimoto et al.
1998, Yoon et al. 2002, Shao-Horn et al. 2003, Morales et al. 2004, de Groot and Kotani
2008, Kurmaev et al. 2008, de Groot et al. 2009, Juhin et al. 2010).

The Lsz-edges in Figure 4.2 differ most clearly and we will focus on the discussion of these
features in the following. When going from bottom (Co" reference) to top (Co" refer-
ences), the number of peaks decreases and the intensity of the peaks labelled A and B is
reduced. Furthermore, the main peaks shift to lower energies with decreasing oxidation
state (de Groot et al. 1993). Note that all reference materials in Figure 4.2 contain
octahedrally coordinated cobalt ions, so that the observed spectral differences are not
explainable by a change in the basic coordination geometry.

CoCat,1.35V

CoCat, 1.05V

LT

s

—————r——————————————
775 780 785 790 795 800
Energy (eV)

Figure 4.2. Cobalt L-edge XANES spectra of a catalyst film sample (CoCat) and reference
samples of octahedral low spin Co" (LiCoO, and CoOOH; d° Is) and octahedral high spin Co
(CoO; d” hs). Both CoCat samples were deposited in 0.1 M KP; (pH 7).
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Figure 4.3. Scheme of electronic configurations of low spin Co" ions in octahedral
coordination (Oy: d® Is), high spin Co" ions in octahedral coordination (Oy: d” hs) and low spin
Co" ions in cubic tetrahedral coordination (T4: d” Is). CFSE is the crystal field stabilization
energy, P is the spin pairing energy and '10 Dq’ is the crystal-field splitting energy (Holleman
and Wiberg 1995).

In Co"0, seven electrons occupy the 3d orbitals in high spin configuration* (de Groot et al.
1993, de Groot and Kotani 2008), so that the t,, states are only partly filled. This incom-
plete filling of the t,, states makes the ground-state electronic configuration susceptible
to 3d spin-orbit coupling (de Groot and Kotani 2008). As a result, the feature marked B in
Figure 4.2 is split in two peaks. The electronic configuration of CoO will be denoted as
d” hs in the following (Figure 4.3).

For low spin tetrahedral Co" ionst such as those in Co"";0,%, the ey states are filled

(Figure 4.3). Consequently, the splitting of the feature marked B in Figure 4.2 is expected
to disappear and this feature shows the highest amplitude of the L3;-edge peaks (Bazin
and Guczi 2001, Morales et al. 2004). This electronic configuration is denoted as d’ Is.

In LiCo"0,, six electrons occupy the 3d valence orbitals in a low spin configuration§ with
all electrons in the t,4 state (de Groot and Kotani 2008). This configuration produces a

*The Co" ion exhibits very weak crystal-field stabilization energies (CFSE in Figure 4.3). Conse-
quently, octahedral Co" oxides occur in the high spin configuration. Only very strong donating
ligands, such as CN’, may promote low spin configurations (Holleman and Wiberg 1995).

tThe ground state in tetrahedral coordination is degenerate which lowers the spin pairing energy
(P in Figure 4.3) and hence tetrahedral Co" ions are commonly found in low spin configuration
(Holleman and Wiberg 1995).

$The XANES spectrum of Co;0, is dominated by transitions involving the Co" ions (d° Is, see text).
The spectrum of the d” Is Co" ions can be uncovered by simulation (Bazin et al. 2000, Morales et
al. 2004).

§Co" is found in low spin configuration to achieve high crystal-field stabilization energies (CFSE in
Figure 4.3). Only very weakly donating ligands (such as fluorine) may produce the high spin
configuration (Holleman and Wiberg 1995).
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degenerate ground state and consequently the spectrum is dominated by the main peak.
The electronic configuration is called d® Is henceforth (Figure 4.3).

The XANES spectra of the CoCat samples exhibit features of both the Co" (d” hs) and Co"
(d° Is) references to some extent. We expect that the CoCat spectra can be treated as a
superposition of these electronic configurations because EPR spectroscopy suggests
localized electronic states in the CoCat (McAlpin et al. 2011). A comparable superposition
approach was reported by Hu et al. (2002) for lanthanum-containing cobalt. There is no
theoretical support that the observed splitting of peak B in the cobalt L-edge spectra is
due to an intermediate or high spin state in the d® electronic configuration (de Groot et
al. 1990, Hu et al. 2002). An intensity increase of features A and B in Figure 4.2 thus may
indicate Co" ions in the CoCat samples.

The close similarity between the spectrum of Co"O and the CoCat deposited at 1.05 V
indicates that the latter contains Co" ions. This is in qualitative agreement with the lower
edge positions of CoCat samples measured by the freeze-quench method (Figure 7.4) or
in-situ (Figure 8.2) at 1.05 V as compared to samples measured at 1.35 V. The available
EPR data (Casey et al. 2010, Gerken et al. 2010) also suggests an increased Co" population
of CoCat films deposited at potentials lower than 1.3 V (in KP;). Given the well visible con-
tributions of high spin Co" ions to the spectra, we consider it very unlikely that additional
low spin Co" ions are also present. This means that the structure of the CoCat films
deposited at 1.05 V must be notably different from that of spinel Co;04, whose Co" ions
are in a low spin state. Indeed, the EXAFS analysis of the cobalt K-edge spectra (Figure
2.2) does not provide any support for the spinel structure (i.e. a strong peak in the FT at a
reduced distance of 3.1 A is absent).

The CoCat sample deposited at 1.35 V resembles that of the Co"OOH reference with the

minor exception of additional splitting in peak B, which may be an indication of Co" (d” hs)
ions. The overall resemblance of the CoCat spectrum with the spectra of CoOOH and
LiCo"0, corroborates the average oxidation state of close to +3 found by analysis of the
cobalt K-edge position (Chapter 2.2). Based on the data presented here, it is conceivable
that the average oxidation state of +3, found independently by K-edge XAS, originates
from populations of mostly Co". However, minor populations of Co" and Co" ions cannot
be excluded. Neither the available XAS data (Risch et al. 2009a, Dau et al. 2010, Kanan et
al. 2010) nor the EPR data (Casey et al. 2010, Gerken et al. 2010) discuss the quantitative
calculation of these populations. Additionally, neither the EPR data nor our XAS study was
performed under in-situ conditions.

In summary, the cobalt L-edge XANES spectra show clearly that CoCat films prepared
before the onset of catalytic activity (1.05 V) contain more Co" than those films prepared
at potentials sufficiently high for significant water oxidation activity. The results provide a
better understanding of the catalyst’s electronic structure, in particular of the Co" spin
state which is inaccessible by EPR spectroscopy (‘EPR silent’).
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4.3 Electronic structure of the CoCat probed by oxygen K-edge XAS

In this section, we study the electronic structure of the CoCat by means of oxygen K-edge
X-ray absorption spectroscopy (XAS). Since this method is less established than XAS on
transition metal K-edges, section 4.3.1 is devoted to a discussion of various reference
materials. These are selected to illustrate the influence of the ligation environment of
oxygen (oxygen ligated to cobalt ions with various oxidation states, oxygen in water, and
oxygen in phosphate). In section 4.3.2, the oxygen K-edge spectrum of CoOOH is
simulated by time-dependent density functional theory (DFT) to elucidate the electronic
structure of this material whose electronic structure is closely related to the CoCat
(Figure 4.2). Finally, the oxygen K-edge spectra for two distinct CoCat preparations are
discussed on the basis of the insights gained from the reference materials in section 4.3.3.

4.3.1 Introduction to oxygen K-edge spectroscopy

Figure 4.4 shows the oxygen K-edge spectra of cobalt oxides (panel A), phosphate com-
pounds and water (panel B). The spectra, especially those of the cobalt oxides, exhibit
very different X-ray absorption near edge structures (XANES). In particular, both the pre-
edge peaks and the main edges differ strongly in intensity and shape. The features in the
pre-edge region are assigned to transitions from the oxygen 1s orbital to a hybridized
state involving oxygen 2p and predominantly cobalt 3d orbitals (Fischer 1971, Grunes et
al. 1982, de Groot et al. 1989). The main absorption edge and the region beyond it are
attributed to transitions from the oxygen core hole to hybridized orbitals of oxygen 2p
with cobalt 4s and 4p states (de Groot et al. 1989, Yoon et al. 2002). Oxygen K-edge XAS
provides a direct probe of the ligand-metal bond covalency (Solomon et al. 2005) because
the features in the oxygen K-edge XANES arise from oxygen 2p orbitals that have contri-
butions from singly occupied and unoccupied cobalt orbitals.

The oxygen K-edge spectra are highly sensitive to the atomic and electronic structure. For
example, the XANES spectra of LiCoO, and CoOOH differ notably in the pre-edge and
main edge regions (Figure 4.4 A), which is surprising since the cobalt to oxygen stochiom-
etry is identical and both consist of layers of Co"Og octahedra with comparable Co—O
bond lengths of 1.93 A (CoOOH) and 1.92 A (LiCo0,). The only differences between these
two materials are protons versus lithium cations between the cobalt oxide layers and the
unit cell parameter perpendicular to the CoO, layers (c = 14.05 A for LiCoO, (Shao-Horn et
al. 2003); ¢ = 13.15 A for COOOH (Delaplane et al. 1969)) (Figure 4.5).

The O—H—O0 bond length in the CoOOH crystal structure of Delaplane et al. (1969) is
unusually short (2.37 A). Infrared studies performed by Delaplane et al. (1969) suggest a
very symmetric O—H—O bond in their samples, that is the protons are indeed predomi-
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nantly arranged as shown in Figure 4.5 A. The CoOOH samples which we measured by
XAS were also checked by infrared spectroscopy (not shown). We detected bands assign-
able to asymmetric O--*H-O/0O—-H---O bond vibrations (Delaplane et al. 1969). Therefore,
deviations from perfect octahedral symmetry are expected for the XAS samples*.

2
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Figure 4.4. Selected reference compounds containing cobalt ions (panel A) and
water/phosphate (panel B). CoO occurs with rocksalt structure (Saito et al. 1966). Co3(P0O,),
(Anderson et al. 1976) and Co30, (Smith and Hobson 1973) exhibit the spinel structure (the
former contains four-coordinated Co", the latter five-coordinated Co"). LiCoO, (Shao-Horn et
al. 2003) and CoOOH (Delaplane et al. 1969) are layered cobalt oxides. Mn(OH,)4Cl, (Zalkin
et al. 1964) is used as a model for crystallization water. The spectra of liquid water and ice
were digitized from (Wernet et al. 2004) with permission from AAAS. (The spectra of water
and ice were shifted by -2 eV so that their pre-edge aligns with the shoulder at 532.6 eV in

the spectrum of Mn(OH,),4Cl,.)

* These deviations are not accounted for in the DFT calculations.
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J J J

Figure 4.5. Crystal structures of CoOOH (A) and LiCoO, (B). The unit cell parameter
perpendicular to the CoO,-sheet is denoted by c. Its value is ¢ = 13.15 A for COOOH (Delaplane
et al. 1969) and c = 14.05 A for LiCoO, (Shao-Horn et al. 2003). Note that the crystal structures

repeat with the 4" layer stacked in c-direction (not shown). Therefore, the Co-to-Co distance
between two layers is given by c/4.

4.3.2 DFT simulation the oxygen K-edge spectrum of CoOOH

A comprehensive discussion of the features in the oxygen K-edge spectra requires exten-
sive ab-initio calculations. CoOOOH was chosen as a crystalline model compound for the
CoCat spectra because it is a layered oxide and its oxygen K-edge spectrum exhibits both
pre-edge peaks (I, Ill) also found in the CoCat, albeit with different intensities (Figure 4.8).
Furthermore, the cobalt L-edge spectra of the CoCat and the CoOOH sample are nearly
identical (Figure 4.2).

The calculated transition energies and their intensities (red sticks) are compared to the
experimental spectrum of CoOOH (black line) in Figure 4.6. The molecular orbitals to
which the electrons are excited for selected transitions are shown in Figure 4.7. Orbitals

1.5 ————————————— ————————— Figure 4.6. Experimental and

— Experiment calculated oxygen K-edge spectra

— Calculation of CoOOOH. Roman numerals refer

to the molecular orbitals plotted
in Figure 4.7.

Intensity (r.u.)

530 540 550
Energy (eV)
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Figure 4.7. Selected unoccupied molecular orbitals which are responsible for the intensity in
the pre-edge region (left panel) and the main edge region (right panel). Cobalt is shown in blue,
hydrogen in white and oxygen in red. The oxygen atom for which the spectrum in Figure 4.6
was calculated is displayed in black and marked by an arrow. The wavefunctions indicated by
the green contours have a positive sign and the orange ones have a negative sign. The cutoff
parameter for the contours was 6 % for orbitals (I-1ll, VI) and 2.5 % for orbitals (IV,V).



54 Insights into the electronic structure

labelled (I)-(lll) are responsible for the intensity in the pre-edge region and orbitals
labelled (IV)-(VI) contribute near the main edge.

The molecular orbitals assigned to the pre-edge peaks in the spectrum of CoOOH show
high electron density on both the oxygen 2p orbitals and cobalt e, orbitals (Figure 4.7).
The pre-edge peak at about 528 eV has been assigned to orbital (I). The corresponding
pre-edge peak is also observed for the well-studied LiCoO, (Figure 4.4), where it has been
assigned to transitions involving the cobalt e, states (Czyzyk et al. 1992, de Groot et al.
1993, Juhin et al. 2010). The orbital marked (ll) is found at 528.5 eV. Both orbitals involve
cobalt d;: and d,.,. orbitals. The second pre-edge peak at 529.5 eV of the CoOOH
spectrum was assigned to orbital (Ill) of Figure 4.7. In this orbital, only cobalt d,=,: states
are found.

The orbitals selected in the main edge region exhibit only small contributions from cobalt
p orbitals. With increasing transition energy (i.e. IV — IV), more electron density is found
on the O—H—0 bond which bridges two layers of CoO, octahedra (see Figure 4.5).

The effect of structural disorder (such as asymmetric O-*H-0O/O—H---O bonds expected in
the experimental samples) was not simulated explicitly. However, due to the limited
dimensions of the cluster used in the DFT calculations, perfect octahedral symmetry has
likely not been realized in the simulations. The deviations between the calculated stick
diagram and the measured spectrum in Figure 4.6 may arise from both edge effects and
the absence of structural disorder in the cluster used for DFT calculations.

4.3.3 Oxygen K-edge spectra of the CoCat

Figure 4.8 shows the XANES spectra of the CoCat prepared in KP; (KP;-CoCat) and in KCl at
1.35 V (KCI-CoCat), selected difference spectra and the spectra of the references illus-
trating the effect of hydration and phosphate coordination on the oxygen K-edge spectra.

The CoCat samples differ in the amplitude of the pre-edge near 529.5 eV and also in the
amplitude of the main absorption edge at about 535 eV. Interestingly, an increase in the
pre-edge amplitude results in a decrease of the main edge amplitude and vice versa. In
addition, there is also a smaller difference visible for the first post-edge feature near
540 eV. These changes are easily visible in the difference spectrum shown in Figure 4.8 B
(blue line).

Thus, The oxygen K-edge spectrum of LiCoO, can serve as a reference for Co"—O0 bonding
because LiCoO, does not contain water of crystallization and no phosphate. The differ-
ence between the spectra of the KCI-CoCat spectrum and LiCoO, could reveal the spectral
contributions of water in the (KCl-)CoCat (red line in Figure 4.8 B). However, this differ-
ence is also sensitive to the degree of order, the interlayer distance and the spin state of
the cobalt ions. All of the above points may also be related directly or indirectly to the
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water content. The most pronounced differences are observed at approximately 529.5 eV
(marked by b) and approximately 533 eV (marked by c). The latter peak is found at the
same position as the pre-edge peak of the water reference in Figure 4.8 C. Therefore, we
tentatively assign this feature to the water content of the CoCat films. The difference
spectrum between the two CoCat preparations (blue line in Figure 4.8 B) is close to zero
at approximately 533 eV and we conclude that their water content is comparable.
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Figure 4.8. Oxygen K-edge XANES spectra of the CoCat and references. (A) CoCat films
prepared in KP; (KP;-CoCat) and KCl electrolytes (KCI-CoCat) at 1.35 V. Variation of the
deposition potential did not affect the spectra (not shown for clarity) (B) Difference (A)
between the spectra of the KCI-CoCat and the KP;-CoCat (blue line); difference between
the LiCoO, and the KCI-CoCat (red line); and difference between the LiCoO, and the
KP;-CoCat (brown line). (C) The spectra of water of crystallization in cis-Mn(H,0)4Cl, and
K,HPO, (main component of KP; at pH 7) (D) The spectra of octahedral Co"0 and Cos(PO.),
which exhibits a spinel structure with (distorted) Co"Og and PO, tetrahedra. (E) The spectra

of layered cobalt oxides with unprotonated Co"-p—0 bridges (LiCoO,) and protonated

Co"-p—OH bridges (CoOOH).
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The difference between the spectra of the KP;-CoCat spectrum and LiCoO, could reveal
the spectral contributions of phosphate (and water). A broad minimum at approximately
534 eV (marked by d in Figure 4.8 B) is observed. The position of this minimum coincides
with the main edge of the KP; spectrum in Figure 4.8 C. Thus, we preliminarily assign the
feature (marked by d) to oxygen in phosphate. As expected from their elemental compo-
sitions (Table 3.7), the KP;-CoCat exhibits the phosphate feature, whereas the KCI-CoCat
does not.

A closer look at the pre-edge region of the references (Figure 4.8 E) reveals that the pre-
edge consists of two peaks (labelled a and b) for CoOOOH. The pre-edge maximum of
LiCoO, is at 527.8 eV, whereas the CoOOH spectrum has an additional pre-edge peak with
nearly equal intensity at 529.5 eV. The cobalt L;-edge features of CoOOH is broader than
that of LiCoO,, but there are no additional peaks or shifted peaks as compared to LiCoO,
(Figure 4.2). We conclude that both samples exhibit the d® Is electronic configuration. In
light of an identical electronic configuration of the cobalt ions, the most plausible expla-
nation for the observed difference in the pre-edge of the oxygen K-edge spectra is a
change of the oxygen orbital hybridization. The protonation state of the oxygen atoms
(Ms—OH in CoOOH vs. p3—0O0 in LiCoQ;) will certainly influence the 2p orbitals. Moreover,
a lower degree of crystallinity in the CoOOH sample would result in higher numbers of
distorted cobalt octahedra and thus affect the cobalt 3d orbitals.

Now, we will interpret the experimental CoCat spectra (Figure 4.8 A) using the orbitals
obtained by DFT from our model, CoOOH (Figures 4.6 and 4.7). The pre-edge of the CoCat
spectra is split with the higher intensity at the higher energy peak. In the case of LiCoO,,
the higher intensity is observed at the lower energy in accordance with previous experi-
mental reports (de Groot et al. 1993, Yoon et al. 2002). The latter peak (528 eV; marked
by a) also occurs in CoOOH where we assigned it to degenerate d,: and d,z,: states (eq
orbitals). The peak at higher energy (529 eV; marked by b) was assigned to states of
exclusively dyz,2 character.

The corresponding feature in the oxygen K-edge XANES is very strong for both CoCat
spectra (Figure 4.8 A) which suggests that the e, orbitals of the catalyst are split. In crystal
field theory, the e, states split for a transition from perfect six-fold coordination (O
symmetry) to five-fold coordination (square pyramidal, C4, symmetry) or tetrahedral coor-
dination (square planar, D, symmetry) in such a way that the d,=,- states increase in
energy (Holleman and Wiberg 1995). This explanation agrees with the freeze-quench and
in-situ XAS data taken at the cobalt K-edge for which a reduction of the average coordina-
tion from six (Oy) to five (C4) at low potentials has been proposed (Chapters 7 and 8).

The pre-edge assigned to orbital (lll) is higher in the CoCat sample prepared in KCI (KCI-
CoCat) than in the CoCat prepared in KP; (KP;-CoCat, Figure 4.8), whereas the pre-edge
feature assigned to orbital (I) remains unchanged. These differences in the pre-edge
intensity could be related partly to the variation of the Co—Co distance, which we found
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for these samples in the EXAFS spectra at the cobalt K-edge (Figure 3.2). The KP;-CoCat
has an average bridging distance of 2.81 A (like CoOOH and LiCoO,) whereas the KCI-
CoCat exhibits a longer 2.85 A distance (Table 3.2). It is reasonable to assume that the
cobalt bridging distance affects the splitting of the e, orbitals since this certainly influ-
ences the degree of hybridization.

The electron density for orbitals in the main edge region is mainly localized on the oxygen
atoms having little hybridization with cobalt orbitals. The changes in the experimental
spectra of the KP;-CoCat and KCI-CoCat samples must therefore predominantly relate to
changes of the electronic structure of the oxygen atoms. The main difference between
the CoCat spectra (Figure 4.8 B) occurs at the energy assigned to orbital (IV), i.e. the
feature marked by d in Figure 4.8. By comparison to reference materials, we concluded
that the intensity at this energy is sensitive to the phosphate content of the samples
among other sample characteristics.

In summary, the oxygen K-edge spectra of CoCat samples prepared in KP; and KCI elec-
trolytes differ notably. For the interpretation of the XANES spectra, we compared suitable
experimental reference spectra to isolate the effects of the water and phosphate con-
tents. Furthermore, the oxygen K-edge spectrum of CoOOH, a crystalline model for the
CoCat was simulated by DFT. The assignment of selected spectral features to molecular
orbitals from CoOOH was then transferred to the CoCat spectra. We proposed that the
split pre-edge peak of the CoCat samples is caused by an energetic separation of the d,:

and d,=,: states resulting from imperfect octahedral coordination of the Co" ions.

4.4 Summary

The combination of cobalt L-edge XAS and oxygen K-edge XAS provides valuable comple-
mentary information about the electronic structure of the cobalt catalyst films. The cobalt
L-edge data are especially sensitive to the cobalt oxidation states and spin states. The
oxygen K-edge spectra in our study demonstrated a very strong dependence on the
atomic and electronic structure and potentially on the cobalt coordination.

The cobalt L-edge spectra indicated that sizable populations of both Co" and Co" ions are
contained in CoCat films prepared at potentials without significant catalytic activity
(1.05 V), whereas those prepared at higher potentials (1.35 V) contained predominantly
Co" ions.

The differences between the CoCat samples prepared in different electrolytes were most
pronounced in the spectra measured at the oxygen K-edge. This is explainable mostly by
the contributions of phosphate oxygen atoms in the spectra of the KP;-CoCat. Moreover,
the spectra suggest a sizable amount of crystallization water in both CoCat samples.
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Ligation of oxygen to water, phosphate and cobalt may be distinguished by oxygen
K-edge XAS, but an assignment based on the spectra of reference materials only is not
conclusive. Based on DFT simulations, we propose that the shape of the pre-edge can be
explained by decreased symmetry and non-degeneracy of cobalt e, orbitals.

Oxygen K-edge spectroscopy may become an important tool to study oxygen ligation
which is of paramount importance for the elucidation of the water-oxidation chemistry.
However, an improved understanding of the origin of the spectral features is required for
a fully quantitative analysis.
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Chapter 5

Shared structural motifs in cobalt-based and nickel-based
catalysts

The atomic structure of an electrodeposited nickel catalyst film consists of edge-sharing
Ni"V' octahedra, as revealed by X-ray absorption spectroscopy. This structural
arrangement is surprisingly similar to that of an analogous cobalt-based film and colloidal
manganese-based catalysts. On these grounds, structural requirements for water
oxidation are discussed.

Portions of this chapter have been published

M. Risch, K. Klingan, J. Heidkamp, D. Ehrenberg, P. Chernev, |. Zaharieva and H. Dau
(2011), Chem. Commun. 47, 11912-11914, doi:10.1039/C1CC15072C.
Reproduced by permission of The Royal Society of Chemistry (RSC).

K.K. and J.H. prepared the samples;
D.E. performed electrolyte exchange experiments;
K.K., J.H., P.C,, I.Z. supported the synchrotron measurements.
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5.1 Experimental detail
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Figure 5.1. Cyclic voltammograms (CV) for an exchange of the anion (borate, phosphate) after
electrodeposition of the NiCat. (A) NiCat electrodeposited in B; (1.15 V, 3 mC-cm™, pH 9.2)
and measured in KP; at pH 9.2. (B) NiCat electrodeposited in KP; (1.28 VV, 3 mC:cm™, pH 9.2)

and measured in B; at pH 9.2. We compensated for the iR drop using Equation 6.1 during both
deposition and CV experiments. (Note that iR compensation was not performed during the
XAS sample preparation described in section 5.1.1.) After formation of the NiCat, the buffer

was exchanged and a series of CVs was recorded (scan rate: 20 mV-s™, duration of each cycle:

75 s). The 1" to 4™ cycles are shown (blue: 1%; dark teal: 2"%; light teal: 3" brown: 4™); arrows

emphasize the changes with cycle number. The CVs were smoothed over a range of 10 mV. In

all panels, the red trace shows the cyclic voltammogram of a NiCat electrodeposited in B;
(1.15V, 3 mC-cm™, pH 9.2) and measured in B; at pH 9.2. In the top panels, the presentation
of the graphs is such that the changes in the pre-wave (before onset of the catalytic wave)
are better visible. The shown CVs suggest an exchange of B; and P; for NiCat films deposited in
one electrolyte and operated in another electrolyte. The performance decreases for
operation in KP; at pH 9.2, whereas it increases for operation in B; at pH 9.2. Further
investigations are required to characterize and understand the anion exchange more
completely. The red trace demonstrates the high catalytic activity for oxygen evolution of the
NiCat since the Faradic efficiency is close to 100% as reported by Dinca et al. (2010). The CVs
were reproduced from reference (Ehrenberg 2011).
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5.1.1 Electrochemistry

All potentials are given relative to the potential of the normal hydrogen electrode (NHE).
We employed a single-compartment, three-electrode setup driven by an SP-200 potentio-
stat (Bio-Logic SAS, Claix). Corrections for the resistance of working electrode and elec-
trolyte solution were not applied during deposition of the XAS samples. The working elec-
trode was indium tin oxide (ITO) coated polyethylene terephthalate (PET) purchased from
Sigma-Aldrich (60 Ohm/sq.); the counter electrode was a 25 x 25 mm? platinum grid
(100 mesh, 99.9 %, Sigma Aldrich GmbH), and a mercury sulfate reference electrode
(+650 mV vs. NHE) was used.

The NiCat was electrodeposited potentiostatically from filtrated 1 mM Ni(OH,)s(NOs), in
either borate buffer (0.1 M B; at pH 9.2; B;-NiCat) or phosphate buffer (0.1 M KP; at
pH 7.0; KPi-NiCat). The B;-NiCat was deposited at 1.3 V following a protocol published in
reference (Dinca et al. 2010) and the KP-NiCat was deposited at 1.57 V. Cyclic voltammo-
grams (CV) of both preparations in either electrolyte verify their water oxidation activity
(Figure 5.1). These CVs also show that the borate-phosphate exchange (i) is coupled to a
shift of the redox potentials in the pre-wave region of the CV; and (ii) is completed within
5 min (Ehrenberg 2011).

5.1.2 X-ray absorption spectroscopy

The XAS measurements at the nickel K-edge were performed at the KMC-1 bending-
magnet beamline of the Helmholtz-Zentrum Berlin for Materials and Energy (formerly
BESSY I, Berlin). The beamline optics and beam characteristics are discussed in reference
(Schéfers et al. 2007). The excitation energy (scan range 8150-9400 eV) was selected by a
double-crystal monochromator (Si-111). A feedback system was used to maximize the flux
while scanning the energy (dynamic detuning to the top of the rocking curve). We did not
detect any indications that higher harmonics of the excitation energy passed the mono-
chromator.

The sample was kept in a cryostat (Oxford-Danfysik) at 20 K during measurements using a
liguid-helium flow system. The sample compartment contained a 200 mbar He atmos-
phere. In the volume between sample compartment and the outer cryostat housing, a
vacuum of typically 2-3 x 10 mbar was maintained. In order to minimize the radiation
damage to the investigated samples, the cryostat was installed about 3 m away from the
focal point of the beamline optics, thereby decreasing the X-ray intensity (per area) by
increasing the spot size. At the out-of-focus position, the area irradiated by the X-rays was
about 1 mm x 0.5 mm. A filter foil (10 um Co, 99.9 %, Goodfellow GmbH) was put directly
in the sample compartment between the NiCat surface and the window facing the
13-element fluorescence detector (Ultra-LEGe detectors, Canberra GmbH).
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Each spot on the NiCat sample was exposed for about 35 min to synchrotron radiation.
We changed the spot on the sample by 0.5 mm (vertically) after each scan. The spectra of
the 13 channels were averaged for each spot on the samples. The average total fluores-
cence counts per spot at 8350 eV were 23400 for the NiCat deposited with KP; and 41600
for the NiCat deposited with B;. For the KP;-NiCat, we evaluated data from two spots on
the same sample. Six spots on two separate sample preparations were evaluated for the
Bi-NiCat. In the collected spectra, we found no significant differences between spots
detected on the same sample and spots detected on a second sample prepared by the
same protocol.

5.1.3 EXAFS simulations

All simulations were performed using the in-house software packages ‘SimX’ (Dittmer
1999) and ‘SimX lite’ (by Dr. P. Chernev). The EXAFS data were extracted and simulated as
described in Chapters 2.1.3 and 2.1.4, respectively.

The phase functions for simulations of the nickel and cobalt K-edge EXAFS were obtained
by ab-initio simulations using FEFF 9.05 (Rehr and Albers 2000, Rehr et al. 2009). For the
simulation at the cobalt K-edge, the coordinates were taken from a fragment of the
LiCoO, structure (CoO; layer) with 10 cobalt atoms and 32 oxygen atoms (i.e. 5 incom-
plete Cos3(u—0)¢ cubanes), see Figure 2.3 B. The scattering paths were obtained up to a
radius of 6 A for up to ‘four-legged’ paths. The simulation results with the new phase
functions for cobalt did not deviate significantly from those in Chapter 2.1.4. However,
the energy shift of Eq (relative to the value used for extraction of the experimental EXAFS
data) was increased to 3.5 eV (found by EXAFS simulations of the experimental data). For
the simulations at the nickel K-edge, identical parameters were used in FEFF and the
coordinates were taken from the same cluster with nickel substituted for cobalt (i.e. a
nickel oxide layer with 10 Ni and 32 O atoms). The energy shift of the nickel phase
functions was 7.0 eV.

5.2 Oxidation state and atomic structure determined by X-ray
spectroscopy

In Figure 5.2, the X-ray absorption near-edge structure (XANES) spectra of the NiCat films
and a Ni"O powder are compared. The edge position of XANES spectra reflects the nickel
oxidation state, but also is sensitive to the nickel ligand environment. In the absence of
major modifications of the nickel ligands, higher oxidation states shift the edge position
to higher energies. The absorption edges of both NiCat films (Table 5.1), are clearly above
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that of the Ni"O reference. The edge of the KP-NiCat is 1.1 eV lower than that of the B;-
NiCat, indicating a higher oxidation state of the latter.

The edge position of the Bi-NiCat is 3.0 eV above that of the Ni" reference. Farley et
al. (2001) found an edge difference (half-height method) between Ni'O and KNi"10g of
3.9 eV. The data shown by Crespin et al. (1983) suggest a shift of 2.0 eV between Ni" and

Ni" (see Table 5.1). Thus, the KP;-NiCat may have an oxidation state near Ni". For the B-

NiCat, we expect an average oxidation state between Ni" and Ni". More precise values
were obtained by comparing Ni—O bond lengths obtained by EXAFS analysis for the

NiCat and a variety of other nickel oxides.

In the following, we will focus on the NiCat prepared in B; (Bi-NiCat). Fourier-transformed
(FT) EXAFS spectra are shown in Figure 5.4. The amplitude of the peaks in the FT is a
rough measure of the abundance of the structural motif assigned to the indicated
M—O/M—M distance. Note that the distances given by the peak positions are reduced
by 0.3 to 0.4 A relative to the true distance between nuclei. The distances found by simu-
lation are indicated alongside the schematic motifs in Figure 5.4. It is clearly visible that
the peak amplitudes of the M—M interactions at 2.8 A, 4.9 A and 5.6 A diminish when
going from LiCoO; via the Bi-NiCat to the CoCat. Thus beyond the first coordination
sphere, a loss of structural order is observed in this series.

The EXAFS simulation results are shown for B-NiCat film in Table 5.2. The parameters of
the simulated spectra in Figure 5.4 as well as further auxiliary simulations may be found in
Table 5.2. The latter table also contains the fit parameters obtained for a colloidal
manganese-calcium oxide catalyst (Zaharieva et al. 2011). In the first coordination shell
(MOg motif in Figure 5.4, where M is Ni or Co), we find little difference among all

1.5
3 1.0
>
g 0.101
£ 0-51 0.05
0.0 0.03325 8330 8335 8340
8330 8340 8350 8360 8370 8380

Energy (eV)

Figure 5.2. Nickel K-edge XANES spectra of the nickel catalyst film (B;-NiCat) grown at
1.3 Vin B; (red) and 1.57 V in KP; (blue). For comparison, a Ni'O reference spectrum is
shown (black). The inset magnifies the pre-edge region.
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materials for the coordination number, N, and the Debye-Waller parameter, o*. The
M—O distance of the CoCat (1.89 A) is similar to that of the B-NiCat (1.88 A). For cobalt
oxides, this distance is compatible with Co" (Wood and Palenik 1998). However, the aver-
age M—O distance in the NiCat is considerably shorter than the respective distance in
typical Ni"'Og octahedra (Figure 5.3). Therefore, we expect the nickel ions in the B-NiCat
to be in an oxidation state higher than +3, as opposed to the CoCat (Risch et al. 2009a)
where the average cobalt oxidation state was estimated to be close to +3 (see also
Chapters 2 and 3).

We gathered the EXAFS results reported in ref-
Table 5.1. Edge positions the NiCat and erences (Levitz et al. 1983, Pandya et al. 1990,

of reference compounds. Capehart et al. 1991, Currie et al. 1994,
Demourgues et al. 1997, Farley et al. 2001) for

Compound Integral (eV) 17 octahedrally coordinated nickel compounds
NiCat, Bi 8345.3 spanning four nickel oxidation states (Ni' to
NiCat, KPi 8344.2 Ni"). In our survey (Appendix A.4), we found an

average Ni"—O distance of 1.95 A and an aver-
age Ni"—O distance of 1.87 A. The Ni—O dis-
Ni'o 8342.3 tance in our EXAFS analysis of the NiCat was
1.88 A (Table 5.2). Thus, we expect an average

Ni"(OH,)e 8343.0

The integral method (Dau et al. 2003)
was used with limits of 0.15<p<1.0. oxidation state close to +4, amending the

XANES result. We obtained a calibration curve

from the aforementioned literature references
(Figure 5.3) using a previously established relation (Brown and Shannon 1973, Mohri
2000) (i.e., v=(Ro/R)?) between bond length, R, and oxidation state (valence), v. The
Ni—O distance of the B-NiCat suggests an oxidation state of about +3.8, which could
translate into populations of 80 % Ni" and 20 % Ni"".

Interestingly, the electrodeposited nickel and cobalt films have a common M—M distance
of 2.81 A, which is indicative of di-u—O(H) bridging between metal ions (edge-sharing
octahedra). In both catalysts, there is no indication for mono-u—O(H) bridging (corner-
sharing octahedra, typical M—M distance of 3.0-3.5 A). A Ni—Ni distance of 2.82 A has
been reported for Ni""OOH (Capehart et al. 1991, Demourgues et al. 1997), a layered Ni
oxide with di-us—0O(H) bridges between nickel ions. We find significantly more M—M
interactions (N in Table 5.2) in the B;-NiCat as compared to the CoCat (see EXAFS fit

results in Table 5.2 and magnitude of FT peaks in Figure 5.4).

* The value of o corresponds to the width of a Gaussian function that describes the distance
distribution around the respective mean value, i.e. around R.
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Figure 5.3. Calibration curve used for the estimation of the Ni oxidation state from the Ni—O
bond length. Only the average EXAFS bond length (red squares) was used in the calibration.
The black curve was obtained by fitting y = (a/x)b to the experimental data, using the method
‘non-linear curve fit’ in Origin 8.0. We also tested a linear fit to the data and found that the
differences in the oxidation-state estimates for the NiCat were small (+0.1 oxidation state;
not shown).

The M—M interactions at approximately 2.8 A and its first multiple at approximately
5.6 A are predicted for both layered nickel oxides, such as Y—NiOOH-xH,0 (McBreen 2007)
and (hypothetical) materials composed exclusively of interconnected Nis(u—0)4 cubanes
(similar to A—MnO, or LiMnO,, see reference (Robinson et al. 2010)). A comparison
between these two structures is shown schematically in Figures 2.4 and 2.5. For the all-
cubane structures, the EXAFS coordination number is predicted to be clearly higher for
the distance of 4.9 A (N = 12 for crystalline order) than for the distance of 5.6 A. (N = 6)*.
However, we do not find a significantly higher N for the 4.9 A interaction in the EXAFS
data of the NiCat. This means that the EXAFS data does not provide conclusive evidence
in favour of an atomic structure containing exclusively Nig(u—0)4 cubanes, but also does
not exclude structures containing cubanes. However, the presence of sizeable amounts of
water and exchangeable B; (B; can be exchanged against P;, see Figure 5.1) may be recon-
ciled clearly more easily with a layered nickel oxide than with an all-cubane oxide. Thus,
we favour a NiCat structure consisting of extended layer fragments of a layered nickel
oxide as shown in Figure 5.5.

*The structure of A-MnO, involves 12 M—M vectors at both 4.9 A and 5.6 A, but only 6 of the 12
M—NM vectors at 5.6 A involve a colinear arrangement of 3 metal atoms. We expect that only
the colinear M—M—M vectors can be detected by EXAFS spectroscopy (because of
enhancement by multiple scattering contributions to the EXAFS).
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Figure 5.4. Fourier transform (FT) of EXAFS spectra of the cobalt catalyst (CoCat, red), the
nickel catalyst deposited in B; (B;-NiCat, blue) and a layered cobalt oxide crystal (LiCoO,,
black). EXAFS simulations are shown as filled areas. The structural motifs assigned to each
peak are schematically displayed (green spheres, Co or Ni; red spheres, O). All simulation
parameters may be found in Table 5.2. The k*-weighted EXAFS oscillations were Fourier
transformed using a cos” window function covering the complete range (1.8-13.9 A™),
thereby ensuring complete suppression of sidelobe artefacts.

Figure 5.5. Possible structural motif deduced from XAS data (for the bulk of the NiCat, Ni in
green, O in red). It is conceivable that several of these layer fragments are connected to form
an extended network or porous sheets. Water and borate molecules may separate the nickel

oxide sheets.
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Table 5.2. EXAFS simulation results for the NiCat, CoCat and LiCoO,.

Simulation Interaction N R (A) c (A) Rf
I: LiCoO,* Co—O0 5.9+0.4 1.91+0.01 0.046° 12.8%
35-550 eV Co—Co 6.3+0.2 2.81+0.01 0.041°
3.0-12.0 A" Co—Co 6.0° 4.94+0.01 0.039°
So’=0.6 Co—Co 5.6+0.4 5.60+0.01 0.032°
II: CoCat® Co—O0 6.1+0.4 1.89+0.01 0.054 12.2%
35-550 eV Co—Co 4.4+0.6 2.81+0.01 0.071
3.0-12.0A™ Co—Co 0.3+0.5 4.80+0.10 0.039°
S’ =0.7 Co—Co 0.4+0.2 5.62+0.03 0.032°
I11: NiCat (B) Ni—O 5.7+0.6 1.88+0.01 0.046° 11.6 %
35-550 eV Ni—Ni 4.5+0.4 2.81+0.01 0.041°
3.0-12.0A™ Ni—Ni 2.3+1.7 4.86+0.04 0.039°
So’=0.6 Ni—Ni 1.8+0.7 5.60+0.03 0.032°
IV: NiCat (B;) Ni—O 6.3+0.5 1.88+0.01  0.055+0.006  13.5%
35-850 eV Ni—Ni 4.4+0.5 2.81+0.01  0.041+0.006
3.0-15.0A™ Ni—Ni 2.3+0.9 4.89+0.01 0.039°
So’=0.6 Ni—Ni 1.6+0.3 5.59+0.01 0.032°

® Taken from reference (Risch et al. 2009b); EXAFS analysis was performed again.
® Value was fixed in simulation.
“ Taken from reference (Risch et al. 2009a); EXAFS analysis was performed again.
Further simulations can be found in reference (Risch et al. 2011).

The dimension of the oxide sheet in Figure 5.5 ensures compatibility with the fit results of
Table 5.2. Nickel vacancies are not excluded by the EXAFS data; they would increase the
predicted dimensions significantly. EXAFS analysis of the shown Ni,;Os9 molecular cluster
would yield 4.5 Ni—Ni interactions at 2.8 A and about 3 Ni—Ni interactions at both 4.9 A
and 5.6 A*.

The elementary composition of the NiCat indicates the presence of additional water
molecules and borate ions (Dinca et al. 2010). We assume that these constituents of the
NiCat are separating (or interconnecting) nickel oxide layer fragments that are similar to
the one shown in Figure 5.5. For a single water layer between NiOsH, fragments, inter-
layer spacings between 8.05 A and 7.2 A were observed (McBreen 2007). Similar layer
spacings might be present in the NiCat but are undetectable by XRD, presumably due to
irregular layer spacing, which possibly is caused by the presence of relatively high

* We note that our simulation results in Table 5.2 represent a lower limit for the number of the
two long Co—Co vectors because the structural disorder parameter, i.e. the Debye-Waller
parameter ¢, was fixed to the value of the crystalline LiCoO,.
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amounts of borate. In conclusion, the NiCat may be composed of extended fragments of a
layered Ni""VOOH,«; structure (Figure 5.5). The nickel oxide layer fragments likely are
separated by water and borate molecules. We cannot exclude the presence of Nis(u—0)4

cubanes, but consider it unlikely that the cubane motif is prevalent.

The NiCat, the CoCat, as well as a colloidal Mn-based water-oxidation catalyst (Zaharieva
et al. 2011) are structurally surprisingly similar. These three first-row transition metal
oxides are amorphous and feature extensive di-pu-oxido bridging, but no detectable
mono-p-oxido bridging between the redox-active metal ions. They contain water as well
as redox-inert ions likely interfacing more (NiCat) or less (CoCat, Mn-based catalyst)
extended metal-oxido clusters. Several of their common features are shared with the
biological catalyst, the Mn4Ca(u—0), complex of photosystem Il (Dau and Haumann 2008,
Dau et al. 2010, Umena et al. 2011). The lack of crystalline order may prevent highly
stable, inert structures and ensures the availability of terminal ligation sites for binding of
'substrate' water molecules. Changes in the protonation state of bridging oxides may be
well suited to facilitate the (local) accumulation of oxidation equivalents before onset of
water oxidation. Water molecules and anions could facilitate conduction of protons and
thus foster catalytic activity of the hydrated oxide material, not only at the oxide surface
but also within its bulk phase.

5.3 Summary

In summary, we found a significantly higher oxidation state of about +3.8 in the B;-NiCat
as compared to the CoCat (Chapter 2). The EXAFS analysis of both catalysts is compatible
with a layered oxide structure. However, the atomic structure of the NiCat possesses a
higher degree of long range-order than the CoCat, yet is too amorphous to be resolved by
XRD methods. We conclude that the NiCat structure likely is related to that of y—-NiOOH
with water and borate molecules between the oxide sheets.
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Chapter 6

Investigation of catalyst wear by in-situ XAS

In-situ X-ray absorption (XAS) is a crucial tool for the study of structure-function relations
in catalysis, but the implementation of these experiments is challenging. Here, we
establish a protocol for reproducible, steady-state measurements of electrodeposited
bulk oxide catalysts such as the CoCat. The key parameters of film thickness, cobalt oxida-
tion state and catalytic current were monitored in time-resolved experiments for various
environmental conditions. Catalyst wear in cobalt-free electrolytes causes a reduction of
the CoCat film thickness and the electrochemical current. Furthermore, significant
amounts of redox-inactive Co" ions were detected after prolonged electrolysis. This has to
be taken into account for a quantitative analysis of the cobalt oxidation states.

Thickness

Oxidation state

Potential

- - - >
T Time

Portions of this chapter have been prepared for publication

M. Risch, K. Klingan, |. Zaharieva, , P. Chernev, and H. Dau,
K.K., I.Z., P.C. supported the synchrotron measurements;
P.C. wrote software for data evaluation.
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6.1 Experimental detail

6.1.1 XAS sample cell

The XAS samples cell was custom-made from a block of Delrin® (50 ml volume). A 2 cm?
window was cut into one of the sides to facilitate access for X-rays to the backside of the
electrode. The CoCat samples were fixed in front of the window with the CoCat facing the
electrolyte. A photograph of the sample cell is shown in Figure 6.1.

6.1.2 Electrochemistry

The electrochemical cell was driven by an SP-200 potentiostat (Bio-Logic SAS, Claix). The
counter electrode was a 25 x 25 mm? platinum grid (100 mesh, 99.9 %, Sigma Aldrich
GmbH) and a saturated mercury sulfate reference electrode (+650 mV vs. NHE; Schott
GmbH) were used. The electrolyte was not stirred during the X-ray measurements to
avoid an increase in noise of the fluorescence signal. All potentials are given relative to
the potential of the normal hydrogen electrode (NHE).

The potential axis (V) was corrected for the internal resistance of the working electrode
and the electrolyte solution:
Veorrected = Vmeasured — 1" R, (Eq. 6.1)

where i is the current and R the resistance. The resistance term was estimated using the
potentiostatic electrochemical impedance spectroscopy (PEIS) as provided by an SP-200
potentiostat (Bio-Logic SAS, Claix), see Figure A.2.
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Figure 6.1. Experimental setup used for in-situ measurements of the CoCat. The following
abbreviations are employed as labels: REF is the reference electrode; CE is the counter
electrode; WE is the working electrode, i.e. the CoCat; EC cell is the electrochemical cell. The
fluorescence signal is detected by a fast photomultiplier. Further detail about the experimental
setup can be found in the text.
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6.1.3 Sample preparation

CoCat-coated electrodes were prepared in advance of the XAS measurements in a sepa-
rate electrochemical setup. It consisted of three-electrode setup driven by a Micro-
Autolab Type Ill potentiostat (Metrohm Autolab B.V., Utrecht). A 25 x 25 mm? platinum
grid served as the counter electrode and the reference was a mercury sulfate electrode
(+650 mV vs. NHE). The CoCat was deposited on 125 um thick polyethylene terephthalate
(PET) slides coated with indium tin oxide (ITO; 45 Q/sq) as purchased from Sigma-Aldrich.
An area of 2 cm x 2 cm was exposed to the electrolyte which contained 0.5 mM Co?* ions
and 0.1 M KP; (pH 7). The CoCat films were deposited at 1.05 V until a charge of 5 mC-cm™
had passed. The potential was not corrected for the iR drop because the contributions of
the iR drop are insignificant at 1.05 V. The CoCat films were stored not longer than 24 h at
room conditions before the measurements. We did not detect any differences in the XAS
measurements between freshly prepared films and those that we stored for a several
hours.

6.1.4 X-ray absorption spectroscopy

The XAS measurements were performed at the SuperXAS beamline of the Swiss Light
Source (SLS) in Villigen, Switzerland. The excitation energy was selected by a double-
crystal monochromator (Si-111, detuning to 50 % intensity, scan range of 7650-8400 eV).
The spot size of the X-ray beam on the sample was 5 mm x 1 mm. Cobalt K-edge fluores-
cence was monitored perpendicular to the incident beam by a scintillation detector
(19.6 cm? active area, 51BMI/2E1-YAP-Neg, Scionix). This detector was shielded by a
25 um iron foil against scattered X-rays and visible light. The detector consisted of a scin-
tillating crystal (Yttrium aluminum perovskite; YAP) converting X-ray photons into visible
light with about 50 % efficiency. The visible light was subsequently detected by a fast
photomultiplier. A photograph of the experimental arrangement is shown in Figure 6.1.

Table 6.1 shows the attenuation length of all materials exposed to the X-rays for selected
energies. A material strongly absorbs at a given energy when its attenuation length is
short. In order to be detected, the intensity of the incident X-ray must be sufficiently high
to excite cobalt ions and the emitted photons must travel back to the detector. All attenu-
ation lengths are much larger than the thickness of the respective materials (Table 6.1).

We used the first inflection point at 7709 eV of the K-edge XANES spectrum of a cobalt
metal foil for calibration of the energy axis. The spectra were normalized and EXAFS
oscillations were extracted as described in Chapter 2.1.3; interpolation yielded equi-
distant points (0.075 A™?) on a k-vector axis. For conversion of the energy axis to a k-
vector axis, an Eoof 7710 eV was used.
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6.1.5 Total X-ray reflection fluorescence analysis

The total X-ray reflection fluorescence analysis (TXRF) was performed on a Bruker AXS
PICOFOX using CoCat films dissolved in HCI (30 %). Gallium solution (Fluka TraceCert) of
known concentration was added as a standard for quantitative analysis.

Table 6.1. Attenuation lengths® calculated using the tables in reference (Henke et al. 1993).

Material Agggo (KM) A7720 (M) Asgago (M)

PET’ 700 1000 1200

ITO" 5.0 6.5 8.5
C0,0;° 40 30 10
Water 600 900 1100

Asa00, M7720, Agaoo denote the attenuation lengths at 6900 eV (close to K,-emission of cobalt),
7720 eV (the cobalt K-edge) and 8400 eV (used for estimation of thickness).
® The penetration depth where the intensity of X-rays falls to 1/e of the value at the surface.
b Polyethylene terephthalate, density 1.4 g-cm™, thickness 125 pum
“ Indium tin oxide, density 7.2 g-cm3, thickness < 1 um
,03 as a model for the CoCat, density 5 g-cm3, thickness approximately 30 nm.
The attenuation in air is of the order of meters for the used scan range.

d COIII
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6.2 Macroscopic film thickness and in-situ film dissolution

In-situ measurements of the CoCat are experimentally very demanding because any given
state of the catalyst may be modified by the intense synchrotron X-ray radiation,
corroded due to unfavourable electrochemical conditions or a combination of both.

In this chapter, we discuss the macroscopic film thickness of average CoCat preparations
used in the in-situ experiments and study film dissolution under electrochemically corro-
sive conditions. In electrochemistry, corrosion is defined as the disintegration of a mate-
rial due to chemical reactions with its environment.

The CoCat forms on a variety of conducting substrates (see Chapter 1.3). Surface mor-
phology and film thickness depend on the deposition time, the composition of the elec-
trolyte, and the applied potential (Kanan et al. 2009, Nocera 2009). CoCat films are micro-
scopically smooth when deposited before the onset of catalytic activity (Esswein et al.
2011). In contrast, deposition at potentials that promote water oxidation produces a
CoCat with nodules on the surface (Figure 3.4).

The atomic model for the CoCat structure discussed in Chapter 2 can be employed to
estimate the CoCat film thickness (d) according to:

d = N¢o * Veocats (Eq. 6.2)

where n¢, is the number of cobalt atoms deposited per surface area (number density in
Table 6.2) and V¢ocet is the volume of the CoCat per cobalt ion.

The number of cobalt atoms per surface area (nc) can be obtained by quantitative
elemental analysis, such as total X-ray reflection fluorescence (TXRF) analysis. Using this
method, Ringleb (2009) studied the molar cobalt density as function of the deposition
time, which is reproduced in Table 6.2. The experimental conditions were identical to
those in reference (Kanan and Nocera 2008), i.e. deposition was performed in KP; (0.1 M;
pH 7) at 1.35 V. At this potential, the film grows quickly (0.4 pmol-h-cm), even though
oxygen evolution competes with film formation (Ringleb 2009).

The molar densities of cobalt in Table 6.2 are smaller than the molar density of the KP;-
CoCat in Table 3.7*, in particular the deposition rate of 0.4 pumol-h-cm™ is less than half of
the deposition rate in Table 3.9. The discrepancy could be caused by the difference in
surface roughness between the ITO substrates used to produce Table 6.2 and the glassy
carbon substrates used to produce Table 3.7. The polished glassy carbon surfaces are very
smooth (Figure 3.4), whereas the ITO substrates (on glass and ITO) show grooves at the
same magnification (not shown). Thus, we expect that the CoCat film is easier to remove
by HCl washing from the smooth glassy carbon surface than from the ITO surface, which

* However, the stochiometric ratio of cobalt to potassium to phosphate agrees well between the
AAS (Table 3.7) and the TXRF methods (Ringleb 2009).
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Table 6.2. Molar and atomic density of cobalt atoms in CoCat films deposited for various
durations in KP; (0.1 M; pH 7) at 1.35 V. Note that these conditions are identical to those
in reference (Kanan and Nocera 2008). The molar density was taken from reference
(Ringleb 2009), where it has been obtained by TXRF analysis. The film thickness was
calculated using Equation 6.2.

Deposition time Molar density Atom density Thickness
(min) (nmol-cm?) (10":cm?) (nm)
10 47+2 28+1 37+2
30 139+3 8412 109+2
60 3926 2364 3075
120 574132 34619 449125
300 1950+21 1175%12 1527+16
600 3340+168 2012+101 26154132

would explain the lower molar densities obtained for the ITO substrate (Table 6.2). How-
ever, further investigations are necessary to pinpoint the origin of the discrepancy. The
molar densities and the calculated thickness should thus be understood as lower
boundaries.

The volume of the molecular clusters was derived from Figure 2.3 C. This Co;003, mole-
cule can be enclosed within a box of width 9.7 A, depth 12.8 A and height 3.6 A*. How-
ever, the high content of water (unpublished), anions and cations (chapter 3) renders it
unlikely that these molecular units are stacked onto each other without a non-cobalt
interlayer. Furthermore, the CoCat is very amorphous, which should also increase the
average distance between the cobalt-oxido clusters. The layer separation of
buserites (Golden et al. 1987) could provide a reasonable estimate. The resulting 10 A
height of the CoCat volume is large enough to accommodate, e.g., potassium and phos-
phate molecules in addition to water molecules as discussed in reference (Dau et al.
2010). Gerken et al. (2011) also recently proposed that the CoCat could be related to the
double-hydroxide structure with interlayer water, anions and cations. Thus, we estimate
that the 10 cobalt ions shown in Figure 2.3 C occupy a volume of 10 A, depth 13 A and
height 10 A on average. This results in an effective volume of 130 A2 per cobalt ion.

The thicknesses assigned to various atom densities of deposited cobalt ions in Table 6.2
agree well with the film profiles obtained by scanning electron microscopy (SEM;
unpublished results). We are thus confident that our assumptions about the volume are

* This box was found using the function ‘periodic box’ in HyperChem 6. The corners of the box
pass through the centers of the outmost oxygen atoms. In order to obtain a box that encloses
the CoCat cluster, the van-der-Waals radius of oxygen (1.52 A) was added to each dimension of
the enclosing box.
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justified. Surendranath et al. (2010) have estimated a volume of 125 A3 per cobalt ion,
which makes their calculated film thicknesses comparable to than the ones used herein.

The thickness can also be monitored in-situ by X-ray spectroscopy because the fluores-
cence counts are proportional to the amount of irradiated material (Teo 1986). This is
exploited, e.g., in quantitative microanalysis by total reflection X-ray fluorescence (TXRF),
see reference (Berneike 1993).

The following protocol was used to monitor the variation of the sample thickness: (i) the
fluorescence counts were normalized by the incident intensity measured in an ionization
chamber placed immediately before the sample cell; (ii) the constant background of the
pre-edge region was subtracted from the spectrum; and (iii) the measure for the film
thickness was then obtained by averaging 15 data points in the cobalt EXAFS region
(8380-8395 eV).

The colored bars in Figure 6.2 show the relative thickness variation for the CoCat
measured in KP; at pH 6 for selected potentials. The film thickness is reduced (arrow
marked by i) for each consecutive measurement when the potential is smaller than
approximately 1.0 V. For potentials above 1.1 V, cobalt ions are redeposited (arrow
marked by ii). We conclude that significant film deposition occurs for potentials >1.1 V in
KP; at pH 6. Furthermore, the redeposition of cobalt ions cannot be distinguished from
the self-repair mechanism. Thus, they are most likely the same process. Additional
experiments are necessary to elucidate the nature of the repair process.

8 Figure 6.2. Film dissolution (i)
and redeposition (ii) as a
function of the potential at pH 6.
The coloured segments
correspond to repeated
measurements on the same
sample spot. In the absence of
film dissolution, the height of all
columns would be 8 units. Thus,
the total height of the columns
gives the variation of the sample
0.8 1.0 1.2 1.4 thickness across the potential

Potential (V) range and the height of the
coloured segments give the
thickness variation at repeated
measurements on the same
sample spot.

Thickness (r.u.)
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In summary, we have obtained an estimate of the film thickness from the dimensions of
the proposed molecular clusters and the number of cobalt ions per surface area. The
variation of the film thickness was also studied in-situ by X-ray absorption spectroscopy.
Film dissolution (corrosion) and redepositon (self-repair) were visualized for a CoCat
sample measured in KP; at pH 6.

6.3 Optimization of the in-situ XAS protocol

In the previous section, we have discussed the film thickness of typical CoCat samples and
showed an example of film dissolution and redeposition during in-situ measurements. In
general, the samples measured by the in-situ X-ray absorption spectroscopy (XAS) could
be modified by the intense synchrotron X-ray radiation as well as corrosion (see last
section). Herein, we study these modifications and develop criteria for repeatable meas-
urement conditions.

Figure 6.3 shows the influence of the environmental conditions on the XAS edge position,
the relative sample thickness and the open-circuit (OC) potential. The CoCat was studied
in air and in the KP; electrolyte (pH 7, 0.1 M). In the electrolyte, open-circuit and potentio-
static operation were employed. In addition to variation of the electrochemical condi-
tions, the effect of X-ray irradiation was also monitored.

The sample thickness was quantified by the intensity of the fluorescence as described in
section 6.2. As expected, the fluorescence intensity remained constant in the absence of
an electrolyte. When the KP; electrolyte was added, the film thickness decreased linearly
from 100 % to 70 % in one hour in the open circuit-condition (OC). The extrapolated line
in Figure 6.3 (30 - 60 min) implies that the rate of film dissolution did not change signifi-
cantly with irradiation of the sample. After application of 1.1 V for 5 min, film dissolution
did not occur for the subsequent 30 min of OC operation. In the last 10 min of the
experiment, film dissolution resumed with a rate comparable to the initial rate (found
between 60 - 90 min).

A reduction of the edge position in the normalized XANES spectra indicates radiation-
induced modifications (Grabolle et al. 2006). For the first 25 min, the film was measured
in air (no potential applied) and irradiated by synchrotron light to quantify these X-ray
radiation induced modifications. There is a slight reduction of the edge position in the
first 10 min, but the magnitude of the change is small (AE < 0.1 eV) and we conclude that
only minor damage occurs within 20 min of exposure to intense X-ray radiation.



Investigation of catalyst wear 77

Electrical
XAS edge ) potential (V)
energy (eV) 1.1V for 5{“'" Thickness (%)
1 T ||

7720.6 1 ! 10C in KPij OC in KPi F100E
7720.4 - : | Iy i '

] 'no beam,| & 80
7720.2- | ! e L !

1 | 1 L g0 F1.0
7720.0- ! ! 1 1‘\:.

| | | 1 ] -

|

7719.8- | ...'_M N W fao

1 no electrolyte ' ! - “n mpm | 0.9
17196- = e W

' """"'-q,- ! lectrolyt ¥ i
7719.4 1 W, G ;r° y'e H >

— 44— 0 Losg
0 30 60 90 120
Time (min)

Figure 6.3. Effect of the experimental conditions on the XAS edge position (proportional to
oxidation state), the film thickness and the anode potential measured during open-circuit
(OC) conditions. The red lines are guide to the eye.

The edge position of the CoCat spectra increased upon exposure to the KP; electrolyte,
which was reproducible. This indicates oxidation of the CoCat upon immersion in the KP;
electrolyte, which presumably relates to hydration of the p—oxido clusters and concomi-
tant cobalt oxidation due to proton-coupled electron transfers.

In KP;, the edge position also decreases insignificantly within 20 min during OC conditions.
Potentiostatic operation at 1.1 V increases the edge position to 7720.6 eV, which com-
pares well to what we have found in a different experiment for a comparable poten-
tial (Figure 7.4). The edge position decreases linearly by about 1eV in the following
40 min of OC operation. In the last 10 min of the experiment, the edge positions are iden-
tical to the 7719.7 eV observed before potentiostatic operation, that is identical edge
positions are observed at 80 min and 130 min in Figure 6.3. The OC potential qualitatively
follows the XANES edge position. After potentiostatic operation, both parameters
decrease and return to the value of the initial OC phase within about 30 min.

The following conclusions can be drawn from the experiment performed at the SLS
(beamline SuperXAS; spot size 1x5 mm) and depicted Figure 6.3. Firstly, exposure to
synchrotron radiation for less than 20 min does not affect the edge positions significantly
for measurements in the electrolyte and without the electrolyte. Secondly, film dissolu-
tion depends on the potential at the anode. Film dissolution appears to occur at poten-
tials below 0.95 V, but not at more positive potentials. The potential dependence is
studied further by potentiostatic experiments in the following (Figures 6.4 and 6.6).
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Figure 6.4. Variation of the sample thickness, the XAS edge position and the electrochemical
current for repeated measurements on the same spot. The applied potential was 0.95 V and
the electrolyte pH varied from pH 6 (black squares), via pH 7 (red circles) and pH 8 (green
triangles) to pH 9 (blue diamonds). The shaded box indicates measurements that were
averaged for XANES analysis.

Thirdly, changes of the open-circuit potential are largely parallel to those of the XANES
edge position. Therefore, both variables may be used to monitor the cobalt oxidation
state of the catalyst (which we use in Chapter 7, see Figure 7.12).

Figure 6.4 shows the results of potentiostatic operation at 0.95 V in KP; at pH 6 to 9. Each
scan took 1.7 min. At 0.95 V, the CoCat film does not dissolve in pH 8 and 9 and only
losses 5 % of the initial film thickness at pH 7 within 14 min. At pH 6, the film dissolves
under those conditions. The loss of approximately 40 % of the film thickness after 14 min
is accompanied by a considerable lowering of the XANES edge position (and thus cobalt
reduction) with the scan numbers. Such a reduction was not observed for higher pH
values.
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The electrochemical current (in Figure 6.4) does not reflect the changes, we observed by
XAS analysis. At the synchrotron, the potentiostat needed to operate with a fixed current
range suitable to record signals up to 10 mA. With these settings, offsets of the order of
1 WA can occur. Presumably, the magnitude of the changes is of the same order than the
offset.

For the subsequent evaluation of the XAS data, a steady-state is defined by a variation of
the XANES edge position by less than 0.2 eV. The shaded region in Figure 6.4 indicates
which scans were summed for the final XANES spectrum. Eight scans were averaged for
pH 7, 8 and 9, whereas only the first four scans were averaged at pH 6. At the latter pH, a
steady-state is not reached due to film dissolution (see also Figure 6.2).

Figure 6.5 shows a Tafel plot for steady-state currents of the in-situ measurements and
the freeze-quench measurements discussed in Chapters 7 and 8. The thermodynamic
overpotential plotted on the y-axis was obtained by subtraction of the pH-dependent

0.8

Figure 6.5. Tafel plot for
steady-state currents of all
experimental series acquired
under in-situ conditions at
room temperature (series A,
B, O) and for the freeze-
guench measurements (FQ,
see Chapter 7). Open symbols
indicate damaged films. The
measurement series ‘pH 9 A’
(half-open symbols) exhibits
slope (Il), but is shifted to
higher potentials relative to
the other measurements
possibly due to a different film
thickness (Surendranath et al.
2010). The potentiostat may
record current offsets of the
order of 1 pA which strongly
affects the measurements
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reversal potential for water oxidation* from the electric potential. For overpotentials
larger than about 0.4 V, two distinct slopes (I and Il) are observed. The lower slope (Il)
after this potential indicates an active film, whereas the higher slope (I) occurs for
damaged films. The absolute values of these slopes are meaningless because the poten-
tial step size of 100 mV is too coarse and the potentiostat could not determine low poten-
tials accurately (see above). However, slopes (I) and (II) can be used to visually discrimi-
nate between films with high and low catalytic activity. At high overpotential, the slope of
selected experimental series (Ib) could be increased due to corrosion. Only the measure-
ments which fall onto slope (ll) in Figure 6.5 were evaluated further in terms of oxidation
state and structural changes.

In summary, CoCat films dissolve when exposed to potentials much lower than required
for film formation at a given pH. The cobalt oxidation state also decreases significantly for
severe film dissolution. The oxidation state changes were found to correlate with changes
of the open-circuit potential and vice versa.

6.4 Catalyst wear studied by in-situ XAS

In the previous section, we have determined optimal experimental conditions for the
in-situ measurements and have developed protocols for preventing film damage. Now,
we will discuss the oxidation state and structure of CoCat films deliberately damaged
electrochemically by prolonged electrolysis at low potentials. The experiments were
designed to elucidate the effect of wear on the CoCat.

Figure 6.6 shows the changes of the film thickness, the XANES edge position and the elec-
trochemical current over the course of more than 4 h of operation in KP; (pH 7, 0.1 M)
with the following protocol: (i) move sample to unradiated spot; (ii) potentiostatic opera-
tion at 0.65 V for 200 s; (iii) cyclic voltammetry (CV) with a triangular wave from 0.45 V to
1.45 V for 2.5 cycles (scan rate 5 mV-s'’; total duration 20 min); (iv) potentiostatic opera-
tion at 1.35 V for 200 s. XANES scans were recorded during potentiostatic operation in
steps (ii) and (iv).

The variation of the sample thickness is displayed in Figure 6.6 A. The sample thickness
measured on a fresh spot (black squares) is always greater than the sample thickness on
the same spot after 20 min of irradiation and CV (red circles). X-ray irradiation is known to
reduce transition metal ions (Grabolle et al. 2006) and thus produces Co" ions, which are

more soluble than Co" ions. When the potential is lower than approximately 0.95 V (at

* The reversal potential necessary for the water oxidation reaction is ~1.23 V vs. NHE at pH 0 and
room temperature. It decreases with -59 mV/pH unit, e.g., the potential for water oxidation at
pH 7is0.82 V.
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pH 7), redeposition of these ions becomes unlikely (see Figure 6.4) and they are lost to
the electrolyte. The reduced thickness of irradiated spots suggests that X-ray irradiation
accelerates film dissolution in the absence of a self-repair mechanism.

The change of the cobalt oxidation state is shown in Figure 6.6 B. The oxidation state
achievable after 200 s at an oxidizing potential (1.35 V) decreases as only cobalt ions in
the film and its immediate surroundings may be oxidized. The observed reduction of the
average cobalt oxidation state is possibly caused by an increasing background of Co" ions
in solution which accumulate over time.

The electrochemical current is presented in Figure 6.6 C. The trends are similar to those of
the edge position. The currents measured after 200 s for oxidative potentials decrease
from 500 pA to 100 pA. The current is proportional to the number of cobalt ions which
can participate in redox activity and therefore proportional to the number of cobalt ions
in the film. Indeed, the 75 % loss of cobalt ions from the film within 4 h agrees well with
the 80 % loss of current in the same period.

Figure 6.6. (A) Relative film
thickness, (B) XANES edge position,
and (C) electric current for a protocol

16 nm with alternating potentiostatic
operation and cyclic voltammetry
(CV) at pH 7. All measurements were
performed on the same CoCat film
and in the same KP; electrolyte. The
black squares were recorded during
potentiostatic operation at 0.65 V
before the CV. The red circles were
obtained during potentiostatic
operation at 1.35 V after the CV. The
currents in panel C were read after
. 200s. New spots on the XAS sample
were selected before operation at
0.65 V (black squares). Further detail
about the protocol is provided in the
text. The absolute film thicknesses as
calculated by Equation 6.2 are
indicated before the experiment and
after 3 h.
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In summary, wear of the catalyst manifests as a reduction of the CoCat film thickness and
the electrochemical current. The apparent redox-activity per cobalt ion also decreases
due to a background signal from (redox-inactive) Co" in the immediate vicinity of the
CoCat surface.

6.5 Summary

A protocol for reproducible in-situ X-ray absorption measurements of the CoCat was
established. We analyzed changes of the oxidation state, of the film thickness and elec-
trochemical parameters, such as the current and open-circuit potential. Cobalt ions are
lost to solution for prolonged electrolysis in cobalt-free electrolytes, which can produce a
background of redox-inactive Co" ions in the vicinity of the electrode.
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Chapter 7

Changes of oxidation state and structure with the
electrode potential

The basic structural features of an amorphous catalyst (CoCat) have been established (in
Chapters 2 and 3). Here, we follow changes of the atomic structure and the cobalt oxida-
tion state in the CoCat by X-ray absorption spectroscopy (XAS), UV-Vis spectroscopy, dif-
ferential electrochemical mass spectroscopy (DEMS), coulometry and combinations
thereof. A freeze-quench approach was developed to preserve electrochemical equilib-
rium states for XAS measurements. At least 20 % Co'” was found at potentials >1.35 V (vs.
NHE), while the films contained 40 % of presumably five-coordinated Co" at potentials
<0.95 V. In addition to structural changes in the first coordination shell, the Co—Co
bridging mode changed significantly at potentials supporting catalytic activity. Time-
resolved DEMS and UV-Vis measurements support that oxygen evolution is accompanied
by cobalt reduction.
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7.1 Experimental detail

7.1.1 Electrochemistry

The potentials are given relative to the normal hydrogen electrode (NHE). In this study, all
samples were grown at a potential of 1.35 V in KP; (0.1 M). The source of the deposited
Co" ions was cobalt nitrate solution of 0.5 mM concentration. A mercury sulfate reference
electrode (650 mV vs. NHE) and a Micro-Autolab Type Ill potentiostat (Metrohm Autolab
B.V., Utrecht) were used for electrochemical characterization. Corrections for the
resistance of working electrode and electrolyte solution were applied using Equation 6.1.

7.1.2 UV-Vis spectroscopy

Optical absorption spectra were recorded on a Cary 50 UV-Vis spectrophotometer (Varian
GmbH, Waldbronn). The ITO working electrode for in-situ UV-Vis experiments was housed
in a 20 mm dye-laser quartz cuvette (Hellma GmbH, Millheim). A small mercury sulfate
reference electrode was inserted into the cuvette. All spectra were measured against ITO
on glass with the cobalt-free KP; electrolyte present.

The films for UV-Vis experiments were deposited on an ITO electrode in KP; (0.1 M). The
concentration of Co'" ions was 0.5 mM; a potential of 1.33 V (iR corrected value) was
applied for 10 min. Further detail on the experimental setup may be found in refer-
ence (Kohlhoff 2011).

7.1.3 Calculation of the extinction coefficient

The molar extinction coefficient, €, of an ionic species in a solution is defined as

e(1) = —8l/l) (Eq. 7.1)
d-c
where | is the intensity after passing through the solution and /y the intensity before
entering the solution, d is path length through the solution and ¢ the molar concentration
of the ionic species. Note that logio(//lo) is called (decadic) absorbance which is denoted

by A throughout this manuscript.

If the absorption of the background can be neglected, then the absorbance depends only
on the number of ions and not their spatial distribution. We will use this insight to extend
the definition of a molar extinction coefficient from solutions to the solid-state CoCat. The
denominator in Equation 7.1 has units of mole per area, which is the same as the molar
density that we have defined in chapter 6.2. Thus, we will generalize Equation 7.1 for use
with the CoCat as follows:
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£(1) = — el/lo), (Eq. 7.2)

Nco

where n¢, is the molar density per surface area (see Table 6.2 for variation of nc, with the
deposition time).

The extinction coefficient is most commonly expressed in non-Sl units of L-mol*.cm™.

(e.g., in reference (Huheey et al. 1993)). As the molar density was expressed in different
units in Chapter 6.2, we will provide a sample calculation for the conversion of the molar
density, nc,, into appropriate units. Let us assume that 50 nmol-cm™ were deposited:

9 mol 1000cm?®

Nep, = 50 X10~ =50 x10"® mol - cm - L%, (Eq. 7.3)

cm? L

where we have used that 1 L =1 dm3 = 1000 cm?. Thus:

() = — LoB10(/1o) (Eq. 7.4)

nco[mol-cm~2]-103cm3/L’

where nco[mol-cm™] denotes the molar density per surface area expressed in units of
mole per centimetre squared.

7.1.4 Differential Electrochemical Mass Spectroscopy (DEMS)

The details of the differential electron mass spectroscopy (DEMS) are given in refer-
ence (Bogdanoff and Alonso-Vante 1994). The inlet system between the electrochemical
cell and the differential pumped vacuum system of the mass spectrometer (Balzers; QMI
420, QME 125, QMA 125 with 90° off axis SEM) consists of a porous hydrophobic mem-
brane, covered with a porous gold layer of 100 nm thickness. This gold layer serves as a
working electrode within a three-electrode electrochemical cell. The CoCat was electro-
deposited on the gold working electrode. Oxygen, which is formed at the working elec-
trode, will diffuse mostly into the mass spectrometer (low pressure at the mass spec-
trometer side of the membrane), where it is detected simultaneously with the electro-
chemical data. The response time of the mass spectrometer is of the order of one second.
A mercury sulfate electrode was used as the reference. The electrochemical characteris-
tics of the gold surface were measured prior to CoCat deposition (see Figure 7.11).

We estimated the enlargement of the surface area of a porous gold electrode by integra-
tion of the oxygen reduction wave (grey area in Figure 7.11) using Origin (Additive GmbH,
version 8.1). A value of 1.82 mC-:cm™ was obtained. The literature value is 0.48 mC-cm™
(Hoogvliet et al. 2000) for a gold electrode in the absence of surface enlargement.
Therefore, the area of the gold electrode was 3.8 times enlarged in our experiments. All
spectra of the gold electrode (bare and with CoCat) were divided by this factor to render
the current densities comparable to indium tin oxide (ITO) electrodes that are macro-
scopically smoother than the gold electrode and thus showed no corresponding surface
enlargement.
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Reference
electrode

Cu connector
of cathode

Figure 7.1. The final stage of the sample holder manufacturing process is shown on the left. A
glassy carbon sheet was glued to a plastic frame to serve as the working electrode that was
connected to an alligator clip by a piece of copper tape. The counter electrode was made from a
loop of platinum wire. The experimental setup before freezing is depicted on the right. Clips are
connected to the electrodes of the sample cell which is held in place by clamps.

7.1.5 Elemental analysis

The total X-ray reflection fluorescence analysis (TXRF) was performed on a Bruker AXS
PICOFOX using CoCat films dissolved in HCI (30 %). Gallium solution (Fluka TraceCert) of
known concentration was added as a standard for quantitative analysis.

7.1.6 XAS sample preparation

The substrates for X-ray absorption spectroscopy (XAS) experiments were 100 um thin
plates of glassy carbon. Sample cells were constructed by gluing these glassy carbon
working electrodes to a 0.2 mm thick PVC sample holder with a 13 mm x 13 mm window.
A loop of platinum wire measuring 4.5 cm with diameter 0.3 mm served as counter elec-
trode. These sample cells exhibited an internal resistance of 10 Q when filled with KP;
(Figure A.2). Figure 7.1 A shows a fully manufactured sample holder prior to deposition.

In cyclic voltammetry (CV) control experiments, the current density of the previously
cleaned working electrodes was lower than 5 pA-cm™ (at 1.35 V), whereas the current
density after deposition was approximately 1 mA-cm™ at the same potential. The cobalt
catalyst film (CoCat) was deposited at 1.35 V for 10 min in KP; electrolyte with 0.5 mM
Co”. The resulting films contained 50 nmol-cm2 of cobalt on average (found by TXRF
analysis; calculated mean film thickness 40 nm, see Table 6.2). The sample holders were
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flushed several times with cobalt-free KP; before the electrochemical experiments were
initiated in cobalt-free KP;. Waiting for two min assured quasi steady-state conditions
before the samples were frozen. This duration was sufficiently long to develop a nearly
stable steady-state current (see also Figure 6.4). At 1.49 V, the current response was still
decaying. The duration of two min was chosen as a trade-off between achieving quasi
steady-state currents and preventing film dissolution (see Chapter 6).

The experimental arrangement for deposition and for the conditioning protocol described
above is shown in Figure 7.1 B. The potential between the working and counter electrode
was recorded for all XAS sample cells during the electrochemical characterization. Subse-
guently, the reference electrode was removed from the setup and a power supply was
set to the previously determined potential difference between working and counter elec-
trode. After two min passed, liquid nitrogen was used to quickly freeze the sample cell
while the potential was applied. The sample cells were stored in liquid nitrogen for no
longer than two weeks before they were measured by X-ray absorption spectroscopy at
the synchrotron.

In brief, the freeze-quench experiments involve the following five stages:

1. The catalyst film is formed on a glassy carbon electrode, which is an integral part
of the XAS sample holder (Figure 7.1).

2. After CoCat formation, the cobalt-containing phosphate buffer is exchanged
against a cobalt-free buffer. This buffer exchange facilitates interrogation of the
redox-behaviour of the CoCat film without interference by ongoing film formation.

3. The CoCat is equilibrated at a distinct potential for two min.

4. Keeping the voltage between the working and counter electrode constant, the
CoCat is rapidly frozen by immersion in liquid nitrogen (the electrodes are discon-
nected after freezing).

5. Fluorescence-detected X-ray absorption spectra are collected at the K-edge of
cobalt (20 K, further details below).
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Figure 7.2 XANES spectra obtained by the freeze-quench method (20 K; black line) and by in-situ
experiments at room temperature (colored lines). The spectra match well, except for a
broadening of the maximum (the ‘white line’) at lower potentials. A comprehensive discussion of
the in-situ measurements can be found in Chapter 8. Potentials are not corrected for the iR drop.
The left insets magnify the region of the pre-edge, while the right insets magnify the first
oscillations of the EXAFS region. The omitted axis labels of the insets are identical to those of the

main figure.
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7.1.7 XAS measurements

The X-ray absorption spectroscopy (XAS) data were collected at beamline KMC-1
(Schéfers et al. 2007) of the Helmholtz-Zentrum Berlin for Materials and Energy (formerly
BESSY Il) at 20 K. The excitation energies (scan range 7600-8300 eV) were selected by a
double-crystal monochromator (Si-111). A feedback system was used to maximize the flux
while scanning the energy (dynamic tuning to the top of the rocking curve). We did not
detect any indications that higher harmonics of the excitation energy passed the mono-
chromator. An energy-resolving fluorescence detector (Canberra GmbH, Risselsheim)
was used. A photograph of the BioXAS setup is shown in Appendix A.1 and more detail
may be found in Chapter 3.1.3. No filter foils were employed.

A coarse energy calibration was carried out by calibration to the first inflection point in
the spectrum of a simultaneously measured cobalt foil. Subsequently, a refined energy
calibration (approximately 0.1 eV) was achieved by aligning the rising part of the pre-edge
peaks to the pre-edge rise of the ex-situ spectrum published in references (Risch et al.
2009a, Risch et al. 2009b). Unwanted X-ray scattering from the frozen electrolyte was
prevented by measuring the cobalt-film through the glassy carbon electrode at the
backside of the sample holder shown in Figure 7.1.

7.1.8 EXAFS simulations

All simulations were performed using the in-house software packages ‘SimX’ (Dittmer
1999) and ‘SimX lite’ (written by Dr. Petko Chernev). Extraction of the EXAFS oscillations
was performed as described in Chapter 2.1.3 using data points between 3 A* and 11.5 A™.
An amplitude reduction factor So> of 0.7 and an energy correction shift AEy of +1.5 eV
were used in the simulations. Further detail on the EXAFS simulations may be found in
Chapter 2.1.4.

The phase functions were calculated using FEFF 8.4 (Ankudinov et al. 1998, Rehr and
Albers 2000). Atomic coordinates of the FEFF input files were generated on basis of the
model structure shown in Figure 2.3 A. Only single scattering paths were employed in the
simulations.

7.1.9 Calculation of the formal oxidation state

For the conversion of the (integral) edge position to the formal oxidation state, we used
the known oxidation states of the following compounds to obtain a calibration curve:
(Co"OH,)6(NO3), solution, (Co"OH,)s(NOs), powder, Co"s(PO4), powder, Co"";0, powder
(formal oxidation state +2.67), Co"'OOH powder, LiCo"0, powder.
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The result of linear regression in Origin 8.1 (‘Fit linear’) was a slope of (2.30 + 0.04) eV per
oxidation state when the integral of the edge region was calculated between u=0.15 and
1.0. The energy offset (i.e. axis intercept of the regression line) was 7713.94 eV. The coef-
ficient of determination R? was 99.83 % (R? = 1- [residual sum of squares]/[total sum of
squares]). Therefore, the integral edge positions increase linearly with the oxidation state,
which was previously reported for manganese oxides (Dau et al. 2003). The error of the
oxidation state (v) was calculated by Gaussian error progression using the following
formula

o= () (22)+ ()’ a7

where Y is the edge position, a is the slope of the calibration curve and b is the energy
offset. A denotes the standard error (68 % confidence interval). The error range of the
oxidation equivalent was obtained by squaring the standard errors obtained for 0.80 V
and 1.49 V and taking the root of the sum (Gaussian error propagation as in Equation 7.5).
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7.2 Oxidation state changes studied by coulometry, XAS and UV-Vis
spectroscopy

The X-ray absorption near edge structure (XANES) can provide insights into oxidation
state and coordination environment of the metals in amorphous metal oxides. For X-ray
absorption spectroscopy (XAS) on CoCat electrodes equilibrated at specific voltages, we
developed a freeze-quench approach (section 6.1.3) that (i) facilitates data collection at
liguid helium temperatures (20 K) and (ii) ensures a well defined redox state of the spec-
troscopically investigated cobalt-based catalysts film. Data collection at cryogenic tem-
peratures is advantageous because (i) the state of the oxidation catalyst is preserved also
during extended data collection periods, (ii) modification of the CoCat by X-ray exposure
(radiation damage) is minimized, and (iii) the significance of the EXAFS data is enhanced
(as dynamic contributions to the Debye-Waller parameter are negligibly small. The XANES
spectra of comparable freeze-quench and in-situ experiments do not differ significantly
(Figure 7.2). This control experiment proves that the freeze-quench method accesses the
same states than comparable in-situ experiments.

Oxidation state changes of the cobalt atoms in the electrodeposited cobalt film (CoCat)
are reflected by a shift of the XANES edge positions (Figure 7.3). With increasingly more
positive potentials, the edge position of the normalized X-ray absorption near-edge struc-
ture (XANES) spectra shifts to higher energies. This indicates cobalt oxidation (Natoli
1984, Teo 1986, Dau et al. 2003, de Vries et al. 2003, Glatzel et al. 2009). Additionally, the
height and area of the pre-edge feature increase (inset of Figure 7.3). This typically also
indicates cobalt oxidation (explainable by increased p-d mixing of metal orbitals due to
shortening of metal-oxygen distances upon oxidation (Dau et al. 2003, Liebisch et al.
2005)). The pre-edge height is also sensitive to the degree of symmetry around the metal
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Figure 7.3. Cobalt K-edge XANES spectra of CoCat films at selected potentials. The inset
magnifies the pre-edge region.
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Figure 7.4. XANES edge positions calculated by the integral method (Dittmer et al. 1998, Dau et
al. 2003) with boundaries of u =0.15 to 1.0 and assignment of the edge positions to oxidation
states of cobalt (blue triangles). Square symbols indicate the references used for calibration (in
order of ascending edge position): (Co"OH,)s(NO3), solution, (Co"OH,)s(NO3), powder,
Co"3(PO,), powder, Co" "0, powder, Co"OOH powder, LiCo"0, powder. The red circle shows
the edge position and oxidation state of a film which was rinsed after working as a water-
oxidation catalysts at about 1.3 V (vs. NHE), rapidly dried and frozen within two min, for details
see references (Risch et al. 20093, Risch et al. 2009b) or Chapter 2.

center; highly asymmetric arrangements of ligands increase the pre-edge intensity
(Yamamoto 2008). Such a loss of symmetry could result from u—O formation, which pos-
sibly relates to deprotonation of u—OH bridges at higher potentials. The presence of p—OH
bridges in the all-Co" oxidation state of the CoCat was recently supported by a combina-
tion of ab-initio molecular dynamics simulations (AIMD) and XAS (Mattioli et al. 2011).
The limited extent of increase in the pre-edge intensity suggests that, if present at all,
Co"Y=0 formation would relate to a minority fraction of cobalt ions only.

A quantitative analysis of the observed shifts in the XANES spectra was achieved by cali-
bration to reference compounds of Co" through Co™" and Co" with known oxidation
states (Figure 7.4). From this calibration curve, we estimated an increase of about 2.3 eV
per cobalt oxidation state. The edge positions of the CoCat obtained by the integral
method (Dittmer et al. 1998, Dau et al. 2003) increase monotonically for ascending
potentials. For comparison, the edge position of CoCat films frozen quickly after prepara-
tion was reported as 7721.0 eV (formal oxidation state of +3.07) (Risch et al. 2009b). In
the experimental series discussed herein, the calculated oxidation states vary from
2.6+0.1 at 095V to 3.2+0.1 at 1.49 V (for computation of the error ranges, see
section 7.1.9).
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Figure 7.5 Graphical representation of the protocol used to find the amount of oxidative
charging in Figure 7.6. In this example, the film is held at 1.15 V for two min and
subsequently put at 0.8 V for reduction. We subtracted an offset from the reduction current
and integrated the first 60 s of the measurement (after which the current always had
reached the baseline) to obtain the number of oxidation equivalents (blue area). The integral
of the blue area is plotted in Figure 7.6.

The fractional oxidation state of 2.6 for the CoCat at low potentials translates into popu-
lations of 40 % Co" and 60 % Co"". The fraction of Co" in the films may be estimated like-
wise. Assuming that Co" is not present at high potentials, populations of 20 % Co'" and
80 % Co" may be calculated for the catalyst at 1.49 V.

The Co" contribution in the high-potential samples would be underestimated, if Co" and
Co" were coexistent in the CoCat. Electron paramagnetic resonance (EPR) spectroscopy
has been performed on CoCat films prepared (i) in KP; (pH 7) at 1.03 V, 1.14 V and 1.34 V
(Casey et al. 2010); (ii) in KP; (pH 9) at potentials ranging from 0.5V to 1.0 V in 100 mV
steps (Gerken et al. 2011) and also (iii) in various other electrolytes (Gerken et al. 2011).
In all EPR experiments, the CoCat samples were allowed to dry in air before the (thick)
film was removed from the electrode and loaded into an EPR tube (approximately 25 min
between electrolysis and freezing of EPR tube). Signals assignable to high spin S = 3/2 (Co"
ions) and low spin S = 1/2 (Co" ions) are clearly visible in all EPR spectra of the CoCat films
prepared at pH 7, but only the amount of Co" is quantified (up to 7 % Co'" at 1.34V
(Casey et al. 2010)). In the EPR studies, the Co" signal decreased concomitant with an
increase of the Co" signal. In addition to EPR spectroscopy, previous in-situ XAS results
(Kanan et al. 2010) suggest the presence of a sizeable Co'" population in the CoCat. How-
ever, the individual populations of co", co" and Co" were not determined. Further inves-
tigations are required to address the possible coexistence of Co", Co" and Co" ions in the
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Figure 7.6. Oxidative charging of the CoCat film followed by X-ray and optical absorption
spectroscopy as well as by electrochemical coulometry. The X-ray edge positions are
shown in black; their putative relation to the average cobalt oxidation state is shown in
Figure 7.4. The optical absorption (blue squares) was detected at 600 nm and provides
a qualitative measure of the cobalt oxidation state. The oxidative charging was also
determined by coulometry (green diamonds; see also Figure 7.5). The rightmost green
scale measures oxidative charging as a fraction of the one-electron oxidation
equivalent (Nyq/Ngep; in percent), which was calculated by dividing the number of
reduced cobalt atoms (N,.q; from coulometry) by the total number of cobalt atoms
(Ngep). Error bars (95% confidence interval) are calculated from the spread of the
experimental data. Note that the three traces (and the corresponding axes) are offset
on the y-axis for clarity only. The values of the potential axis were obtained after
correction for the respective iR drop.

CoCat. Nonetheless, the Co", Co" and Co" populations (and the potential dependence of
these populations) obtained from our XANES analyses are in qualitative agreement with
the published EPR spectra (Casey et al. 2010, Gerken et al. 2011).

The difference between the cobalt oxidation states in our experimental series covers up
to 0.6 formal oxidation states (2.6 at 0.95 V to 3.2 at 1.49 V). This value can also be inter-
preted in the sense that about 60 % of the cobalt ion population gets oxidized (by one
unit) for an increase in the potential from the lowest to the highest investigated level. The
guantitative character of cobalt oxidation in the CoCat is of high importance. It implies
that the CoCat is a redox-active material with a high capacity for storing (or accumulating)
oxidation equivalents.
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A e(L mol'em™) Figure 7.7. Optical absorption spectra of the
0.2 L L L 1 CoCat film collected in an in-situ experiment. The
—0.80V :-4x103 films were equilibrated at the indicated
—0.85VvV | potentials for 90 s before recording the
—0.95V respective spectrum. The high-minus-low-
—1.05V | 3 potential difference spectra are shown in
—1.45v  [3x10 Figure 7.8. They indicate that the spectral shape
—1.24V ¢ of the absorption increase is the same for all
0.1 ::g? z . potential steps. The calculation of the molar
) . -2x10 extinction coefficient € (per cobalt ion) is
—140V provided in section 7.1.3. All potentials were
corrected for the iR drop (R = 50 Q). The UV-Vis
:1)(103 spectra were reproduced from reference
(Kohlhoff 2011).
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Figure 7.8. UV-Vis absorbance spectra (denoted A) and difference spectra obtained by
subtraction of the 0.85 V spectrum from all other spectra. The difference is denoted AA
and the normalized difference is denoted AA’ (normalized between 1 at 500 nm and 0 at

900 nm). The latter representation immediately demonstrates that the effect of
changing the potential merely scales the magnitude of absorption and that no new
features arise between 500 nm and 900 nm. Note that the peak in the absorption at low
potentials is not at the same position than the peak in the difference spectra.
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An independent approach was used for verification of the extent of oxidation state
changes in the CoCat, namely electrochemical coulometry. The experimental protocol is
shown in Figure 7.5. We find that for a maximally oxidized film (potential 21.35 V),
approximately (60+10) % of the cobalt ions are oxidized (in comparison to the state of
CoCat film equilibrated at 0.95 V). This figure is in perfect agreement with the estimate
derived from XAS data. Furthermore, a highly similar relation between potential and oxi-
dation state is found by coulometry and the freeze-quench XAS experiments (Figure 7.6).
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Figure 7.9. Cyclic voltammograms (CVs) of CoCat films in 0.1 M KP; solutions. The first
derivative (dA600/dt) of the optical absorption at 600 nm reveals the non-catalytic current
(blue line, panel A) and the oxygen evolution rate (red line, panel B) corresponds to the
catalytic current. Minima and maxima of the absorption derivative are marked by an asterisk.
The green and purple asterisks suggest midpoint potentials of 1.01 V and 1.22 V, respectively.
Trends in the pre-wave position and shape for variation of the pH from 10 to 4 (left to right, in
0.5 steps) are illustrated in panel C (reproduced from reference (Ringleb 2009)). The scan rate
was 20 mV-s ' in all experiments. The film in panel B was deposited on gold, the other films on
ITO coated glass slides. For better comparison, we corrected for the roughly four times larger
Au surface as compared to ITO (see section 7.1.4). The potential axes were not corrected for
the iR drop. Figure 7.10 shows the complete CV scans of panel C including the catalytic wave.
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After verification of the cobalt oxidation states in our experimental series by the various
methods discussed above, we aimed at a convenient signal for monitoring oxidation-state
changes of the CoCat in time-resolved experiments. To achieve this, we exploited the
previously reported oxidations state dependence of the ‘electrochromicity’ in cobalt
oxides (Polo da Fonseca et al. 1994). In electrochemistry, electrochromic materials are
characterized by a reversible and persistent change of the optical absorption by virtue of
electrochemical reactions (Lampert 1984). In photosynthesis research, however, the term
electrochromicity is not used for an absorption change that merely reflects an oxidation
state change, but only for absorption changes that result directly from electric fields.
Therefore, the expression ‘electrochromicity’ is not used in the following to avoid misun-
derstandings.

We investigated the optical absorption (300 nm to 1000 nm) in electrochemical in-situ
experiments at room temperature. The molar extinction coefficient, g, varied between
1x10% and 3x10% L:'mol™-cm™ at 400 nm when the potential was increased from 0.8 V to
1.4V (Figure 7.7), see section 7.1.3 for calculation of €). At a wavelength of 400 nm, the
photon energy is sufficiently high for supporting charge transfer transitions (both ligand-
metal and metal-metal) as well as d-d transitions in transition metal oxides (Ertl et al.
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Figure 7.10. CV scans of a cobalt film in KP; solutions at various pH values (panel A) and shift
of the midpoint potentials (panel B). Scan rate was 20 mV-s™. The potential axis was not
corrected for the iR drop. The CVs were reproduced from reference (Ringleb 2009).
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2008). However, extinction coefficients of several thousands are rarely observed for d-d
transitions in metal ions with octahedral coordination (Lever 1986). Therefore, we favour
the assignment of the observed features to charge transfer processes, which is consistent
with literature reports for related bulk oxide films (Frei 2009).

The UV-Vis spectra have absorption minima near 350 nm and 600 nm. An absorption
maximum at 405 nm is present at low voltages and transforms into a broad shoulder at
elevated potentials. The reported ex-situ UV-Vis spectrum of the CoCat (Barroso et al.
2011) is qualitatively similar to the in-situ spectrum obtained for an applied potential of
about 1.25 V. In our in-situ experiments, an absorption increase was observed at all
wavelengths simultaneous with the application of higher potentials, as clearly visible in
Figures 7.7 and 7.8. The spectral shape of the absorption increase for wavelengths
between 500 nm and 900 nm is essentially the same for all applied potentials (see differ-
ence spectra in Figure 7.8). This implies that any wavelength in this range is equally well
suited to follow absorption changes of the CoCat.

The absorption at 600 nm (A600 in Figure 7.6) was chosen arbitrarily to assess how
closely the absorption signals follow the changes of the cobalt oxidation state. We found
excellent agreement between the potential dependence of the optical absorption, the
XANES edge position and the oxidative charging from coulometry. Figure 7.6 demon-
strates that the three methods used herein for monitoring the oxidation state of the
CoCat result in essentially the same sigmoidal potential-dependence of the oxidations
state. This reassuring consistency is confirmed by correlation coefficients that exceed
98 % (Pearson correlation coefficient as defined by Rodgers and Nicewander (1988)). In
conclusion, oxidation-state changes of the CoCat can be monitored by detection of optical
absorption changes.

7.3 Functional analysis using DEMS and in-situ spectroelectrochemistry

Monitoring the oxidation state changes in-situ and time-resolved by UV-Vis spectroscopy
can reveal the catalytic and non-catalytic contributions to the electric current obtained by
cyclic voltammetry. The IUPAC defines the oxidation state as the net charge on an
ion (IUPAC 2011), hence the time derivative of the mean oxidation state of the CoCat
corresponds to a current (dQ/dt). This current is positive when electrons are removed
from the ion (oxidation of the cobalt ion) and negative when electrons are added
(reduction of the cobalt ion). We refer to the current calculated from the oxidation state
changes as ‘non-catalytic’ because cobalt oxidation is (numerically) in competition with
oxygen evolution by water oxidation. Likewise, the oxygen evolution rate is termed
‘catalytic current’ herein.
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Figure 7.11. Electrochemical current and oxygen evolution rate from DEMS experiments on a
bare gold electrode (bottom, red) and the same gold electrode covered with the CoCat (top,
blue). The left-hand side spectra belong to the half-cycle in which the potential increased
linearly and the right-hand side to those in which the potential decreased linearly. The
vertical black line indicates E,,; = 1.2 V and the horizontal blue line defines the baseline of the
oxygen evolution rate. Note that oxygen evolution of the gold electrode starts for higher
potentials and that there is no lag within the instrument response of 1 s (20 mV) between the
electrochemical current and the oxygen evolution rate for the gold electrode.

In a cyclic voltammetry (CV) experiment, the anode current and optical absorption at
600 nm were detected simultaneously. As discussed above, the absorption signal (A600)
reflects the cobalt oxidation state and the first derivative of the absorption signal
(dA600/dt) represents a current assignable either to cobalt oxidation (dA600/dt>0) or
reduction (dA600/dt<0). For potentials insufficient to drive the water oxidation reaction
(<1.1 V), the electric current and the calculated non-catalytic current (dA600/dt) match
perfectly, which confirms our approach (see Figure 7.9 A).

The calculation of the non-catalytic current allows us to directly read the midpoint poten-
tials of both the presumed Co"M (Emz = 1.01 V) and Co"" (En» =1.22 V) redox couples
(see Figure 7.9 A) from a CV of the non-catalytic current. The midpoint potential E,,; shifts
to higher potentials with decreasing pH value (Figure 7.9 C and Figure 7.10). The slope
is -64 mV/pH unit for pH >7 and increases to -83 mV/pH unit for lower potentials
(Figure 7.10). Interestingly, the transition from an overall oxidizing reaction (dA600/dt>0)
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Figure 7.12. Potential (thick red line) and absorption at 600 nm (thin blue line) for a protocol of
alternating potentiostatic and open-circuit operation (denoted OC). The absorption data (blue
line) was smoothed by a 500 point window (2"d order Savitzky—Golay filtering); the light blue
squares show every 500th point of the original dataset which has a time resolution of 0.2 ms.
The current due to oxygen evolution is denoted by /.. The calculations of the catalytic current
and of the oxidation state axis is provided in the text. No correction for the iR drop was
performed during potentiostatic operation.

to an overall reducing reaction (dA600/dt<0) does not coincide with the upper vertex of
the applied triangular potential waveform, but lags behind by approximately 2 s (40 mV).
The shaded area in Figure 7.9 A indicates significant catalytic current flow, while cobalt
reduction dominates (dA600/dt<0). The last finding suggests that oxygen evolution is
accompanied by cobalt reduction.

To corroborate our decomposition of the electric current in its catalytic and non-catalytic
components, we also measured oxygen evolution directly under standard working condi-
tions (KP;, pH 7) by differential electrochemical mass spectroscopy (DEMS) and found that
the electric current in the CV is shifted relative to the oxygen evolution rate (Figures 7.9 A
and 7.11). For increasing potential, significant oxygen evolution was observed above
1.3 V. For decreasing potential, significant oxygen evolution is retained just below 1.2 V.
We can exclude that the mass spectrometer response time causes the observed shifts
between current and oxygen evolution as these shifts are absent fro measurements on
the bare gold electrode (Figure 7.11).

The observed delay between (mostly) non-catalytic current (Figure 7.9 A) and catalytic
current (Figure 7.9 B) could be explained when a sufficient number of oxidation equiva-
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lents (i.e. electronic holes) must be accumulated (locally) in the CoCat as a prerequisite
for oxygen evolution.

The presumptive consumption of oxidation equivalents was further studied with a proto-
col in which the CoCat was repeatedly oxidized electrochemically and allowed to relax
under open-circuit conditions, while monitoring the potential and the absorption at
600 nm (A600; Figure 7.12). This protocol was conceived to eliminate the complicated
time and potential dependence of cyclic voltammetry. An additional advantage of the
open-circuit (OC) experiment comprises that the known number of available oxidation
equivalents at the start of the experiment can decrease by oxygen evolution only, but not
by a reducing electrode current. The significance of the latter statement is that the non-
catalytic current due to cobalt reduction must be equal to the catalytic current of O,
evolution (assuming negligible leakage of currents).

After the catalyst was oxidized to an average oxidation state of +2.96 (by application of
1.15 V), the magnitude of the oxidation state changes during OC conditions is small and
the cobalt reduction process is sluggish (Figure 7.12, 9-14 min), which indicates that the
applied potential of 1.15 V is close to the (intrinsic) overpotential for water oxidation of
the CoCat. No change in absorption and potential was observed within the noise level,
when OC conditions were applied after the CoCat was oxidized to an average oxidation
state of +2.85 (Figure 7.12, 16-20 min). These results illustrate that accumulation of oxi-
dation equivalents is a prerequisite for water oxidation in the CoCat.

Current density d[oz]/dt Figure 7.13. Comparison of the catalytic
2 A 4 current from UV-Vis absorption (blue) and
(wA-cm”) (nmol-s -cm ) current during potentiostatic operation at
400 1.35 V (black). The derivative of the
J,, = 350 pA-cm™ absorption at 600 nm was smoothed by a 200
350 point 2" order Savitzky—Golay filter prior to
differentiation and the time resolution was
300'; reduced by binning 10 data points and
250_3 subsequent calculation of the average in
each bin. The oxygen evolution rate was
200 calculated from the catalytic current density
j =150 pA-cm'z assuming 100 % Faradic efficiency.
150 cat -0.39
1004 -0.26
50 -0.13
04 0.00
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The CoCat was oxidized to a valence state of about +3.15 and subsequently allowed to
relax under open-circuit conditions for 5 min. A fast decay of the potential (and A600
signal) of the order of approximately 2 s is followed by a much slower decay phase of the
order of minutes (Figure 7.12). The slow reduction of the cobalt ions in the CoCat during
OC conditions indicates that the rate-determining step is not the accumulation of oxida-
tion equivalents, but rather the 0—O bond formation chemistry.

The estimation of the catalytic currents in Figure 7.12 was calculated from the time deriv-
ative of the shown UV-Vis absorption (Figure 7.13). Absolute current densities were
obtained from the data in Figure 7.12 using the herein established correlation between
the optical absorption, the oxidation state from XAS analysis and the oxidative charges
(Figure 7.6). The catalytic current density (j.:) was calculated by:

Jear = T e Qe (Eq. 7.6)
where Qqep is the total charge during cobalt deposition, dA600/dt is the time-derivative of
the absorbance at 600 nm (obtained from Figure 7.12), dv/dA is the derivate of the oxida-
tion states, v, calculated from XAS edge positions with respect to the absorbance, A. The
value of dv/dA600 was obtained from the slope of a straight line fitted to the data shown
in Figure 7.6. We have argued in section 7.2 that the oxidation state can be understood as
the fraction of cobalt ions which participate in one-electron oxidations. Thus, the oxida-
tion state can be converted to a charge by multiplication with the total charge deposited
(Qdep)-

At 1.33 V, an initial current density of 150 pA-cm™ was found at the transition from
potentiostatic operation to open-circuit conditions. Assuming 100 % Faradic efficiency
(Kanan and Nocera 2008), the initial catalytic currents correspond to an oxygen evolution
rate of 0.4 nmol-s*-cm™. The change in the catalytic current density from 350 pA-cm™ to
150 pA-cm? immediately after the sudden transition to OC conditions could result from
an underestimation of the initial slope of A600 (originating from the inevitable smoothing
of the noisy data)

In summary, our functional analysis indicates that oxygen evolution is accompanied by
cobalt reduction using a combination of electrochemical methods and UV-Vis spectros-
copy to monitor the cobalt oxidation state. The open-circuit experiments suggest that
accumulation of oxidation equivalents is a prerequisite for water oxidation and that 0—O
bond formation is a rate-determining step for water oxidation by the CoCat.
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7.4 Structural changes interrogated by EXAFS analysis

The CoCat responds to a potential increase from 0.8V to 1.49 V by oxidation of about
60 % of the cobalt atoms in the film (Figure 7.6). Two distinct redox transitions are sug-
gested by the absorption derivative collected during cyclic voltammetry (see Figure 7.9).
Now, we will discuss the structural changes accompanying these redox transitions. Struc-
tural changes in the first coordination sphere (denoted Co—O0) as well as in the second
coordination sphere (denoted Co—Co) can be inferred from the peak heights in the
Fourier transform (FT) in Figure 7.14 A. The peak amplitudes in the inset of this figure
suggest a change in the first coordination sphere (squares) upon exceeding the midpoint
potential E,,; = 1.0 V, while the Co—Co shell (diamonds) has a maximum at 1.15 V.

For discussion of the EXAFS peak height on solid grounds, we will briefly describe the
‘EXAFS equation’. An EXAFS spectrum (k) is given by the sum of the contributions of n
‘atomic shells’*. It is mathematically defined by the following equation:

x(k) =S¢ - YT ARy, k)i - N; - exp (—20,% - k?) -sin(2k - R; + ¢ (k))), (Eq.7.7)

where So° is the amplitude reduction factor (fixed at 0.7 in this study), A(R;k); is an
amplitude-modifying factor and ¢(k) is the phase correction (both are obtained herein
from ab-initio FEFF calculations (Ankudinov et al. 1998, Rehr et al. 2009)), N; is the
number of neighbours in the i™ atomic shell, o; is the Debye-Waller parameter of the ith
atomic shell, and R; is the distance between the absorber and the atoms in the it" atomic
shell. It is well established that A(R;k); does not depend significantly on the number of
ligands or the oxidation state. (This is also known as phase transferability (Stern 1981)).

The EXAFS oscillations shown in Figures 7.14 B and 7.14 C were obtained by Fourier-
filtering between 2.1 A* and 2.9 A™ (on the reduced scale). By this procedure, the sum in
Equation 7.7 reduces to a single term that describes oscillations belonging to the Co—Co
interaction at 2.8 A. We find that an increase of the potential between 0.80 V and 1.15 V
scales the EXAFS amplitudes independently of the wavenumber, k (Figure 7.14 B).
According to Equation 7.7, this can only result from a change of the number of atoms in
the atomic shell, N. However, the variations between the spectra taken at 1.25 V and
1.49V are qualitatively different. In Figure 7.14 C, the change in amplitude of the EXAFS
spectra depends on k when going from 1.25 V to 1.49 V. This can be explained by a
change of the Debye-Waller parameter, o (by means of a strongly decreased value of the
factor exp(-20°-k?) at high k-values) The changes described thus far are visible in the raw
data and their interpretation does not need any model assumptions. More detailed
structural information can be gained by simulation of the (unfiltered) EXAFS oscillations
as discussed below.

* A ‘shell’ is a group of elements with identical atomic number and similar distances from the X-
ray absorbing atom, e.g., six oxygen atoms surrounding the absorbing cobalt ion in the CoCat.
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Figure 7.14. Experimental EXAFS
spectra of the cobalt catalyst
recorded at 0.95 V (green), 1.15 V
(red) and 1.35 V (blue). Fourier
transforms (FT) are shown in
panel A. The inset shows the
amplitudes of the main FT peaks.
The Co—O peak height of the
measurement at 1.25 V is
affected by a so-called glitch
which is visible in the FT, but not
in the simulation results. The
reduced distances were obtained
by Fourier transforming the
unfiltered k-space data between
3A%and 11.5A"%; the
internuclear distances
determined by EXAFS simulations
are 0.3 Ato 0.4 A longer. Panels B
and C show EXAFS oscillations
(only positive amplitude shown)
of the Co—Co peak in panel A as
obtained from Fourier-isolation
between 2.1 A" and 2.9 A (on
the reduced scale). Panel B
corroborates the simulation
result that the coordination
number (i.e. amplitude) increases
with the potential up to 1.15 V,
whereas panel C shows that for
the highest potentials, the peak
reduction observed in the Fourier
transform is due to an increase of
the Debye-Waller parameter
(visible as amplitude reduction
for wavenumbers greater 8 A™%).
Unfiltered k-space EXAFS spectra
may be found in Figure 7.15.
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Figure 7.15. EXAFS oscillations in
k-space for selected potentials
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The EXAFS simulation results suggest a transition in the first shell Co—O bonds between
six-coordination for the oxidized CoCat and five-coordination for the reduced CoCat
(Figure 7.16 A). Additionally, the Co—O bond length decreases monotonically from low to
high potentials with a sigmoidal shape (Figure 7.16 B). The bond length at 1.49 V appears
to be higher than that of the 1.35 V sample, but the error ranges overlap. We note that
the results of the conventional simulation approach are only in qualitative agreement
with the results displayed in Figure 7.4 because the resolved change of the bond lengths
is too small to account for the oxidation states obtained from XANES analysis (see
section 7.2). The average coordination number of 5 for low potentials may be explained
by either (i) a coordination change of the entire film which disagrees with the estimation
of 40 % Co" at these potentials; or by (ii) a significant fraction of tetra-coordinated Co" as
in spinel-type Cos0y4, for which there is no evidence in neither the EXAFS data (i.e. lack of
a peak at approximately 3.1 A in Figure 7.14 A) nor the EPR data (Gerken et al. 2011). We
consider both options to be unlikely.
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Figure 7.16. (A, B) Results of EXAFS simulations for the Co—O coordination shell. Error bars
(95% confidence interval) are calculated from the spread of experimental data. The dashed
line indicates a film that was frozen within 2 min after electrolysis (Risch et al. 2009a;
Chapter 2). The Debye-Waller parameter (structural distance spread) did not exhibit any
conclusive trends (Figure 7.17). (C,D) Results of the improved simulation approach. Only the
simulations with the lowest error sum are shown for each potential. Open symbols indicate
simulations in which the Co—O atomic shell (visible as the first peak in Figure 7.14 A) was
simulated by Co" and another cobalt ion. Solid symbols indicate simulations in which the
Co—O shell was simulated exclusively by Co" ions. Both approaches employed the same
number of free parameters and are thus directly comparable. The dashed lines indicate
literature values taken from reference (Wood and Palenik 1998).

The problem of unsatisfactory simulation parameters is largely remedied by a more
sophisticated EXAFS model function approach. The experimental (presumably asym-
metric) distance distribution is approximated by two Gaussian distribution functions cen-
tered at two different distances. One distance describes the Co" ions and a second one
describes either Co" or Co" ions. The coordination numbers were permitted to vary
freely, whereas the Debye-Waller parameters were fixed at 0.045 A, in order to avoid
correlation with the coordination numbers. The bond length of the Co" ions was fixed at
1.89 A (The same value that was found for films with a high abundance of Co", see
reference (Risch et al. 2009a) or Table 2.1. The bond length of the non-Co" ions varied

freely in our simulation*.

* At 1.35V and 1.49 V, the bond length was simulated jointly to avoid unrealistic bond lengths
due to an experimental artifact in one dataset. The results of these improved simulations are
shown in panels C and D of Figure 7.16.
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Figure 7.17. Simulation results for the
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Wood and Palenik (1998) calculated average Co—O bond lengths of compounds in the
Cambridge Structural Database (CSD) with various combinations of oxidation state and
coordination number (30 to 1002 compounds per average). For Co", they found that the
average bond length increased from 1.960 A (4-coordinated) to 2.043 A (5-coordinated)
to 2.093 A (6-coordinated). Furthermore, they obtained an average bond length of
1.895 A for octahedral Co" compounds. These literature values are indicated by dashed
lines in Figure 7.16 D. It is striking how well the simulation results for 6-coordinated Co"
and 5-coordinated Co" agree with the literature values. The Co—O bond lengths in spinel
C0304 (Smith and Hobson 1973) are 1.99 A (C0"0,) and 1.89 A (Co"0¢) and thus provide
further evidence that the CoCat does not make a transition to the spinel structure.

In Figure 7.16 D, short Co—O bond distances appear at high potentials. There are few
reports of the Co—O bond length for octahedral Co" in mixed oxides. Using Natoli’s
rule (Natoli 1984) with their obtained XANES edge positions, Masset et al. (2000)
calculate that the Co'Y—0 bond distance in CasCo""V,04 is about 1.8 A. Using bond
valence theory (Brown 2009), the calculated Co"—O bond lengths are also around 1.8 A
(parameters tabulated in references (Brown and Altermatt 1985, Brese and O'Keeffe
1991, Wood and Palenik 1998, Lalena and Cleary 2010)). Based on EXAFS analysis, the
average Co""V—0 bond length in mixed Co"""V-(hydr)oxides was reported as ranging from
1.94 A to 1.90 A in Na,CoO, with x = 1 to 0.3 and was as low as 1.885 A in
Nag3C00,-1.3H,0 (Poltavets et al. 2006). Using XRD, a bond length of 1.85 A was obtained
for Nag35C00,-yH,0 (Takada et al. 2003). A modest decrease of the Co""V—O0 bond length
with cobalt oxidation from 1.94 to 1.91 A was reported for a Li,Coo.85Al0.1502 compound
(Kim and Yo 1999) by EXAFS analysis. The authors of the latter study also observed a
change of the Debye-Waller parameter of the Co—Co shell, which may also be seen in our
data (Figure 7.18 B). We note that for formation of an equilibrium between Co'*—O and
Co"—0" species, the average bond is longer (Pfaff et al. 2011b, Pfaff et al. 2011a).
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Figure 7.18. Results of EXAFS simulations of
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Simulations of the second coordination sphere (Co—Co) reveal that the bell-shaped trace
of the FT peak heights in Figure 7.18 A originates from a change of both the number of
cobalt neighbours and the Debye-Waller parameter (structural distance spread) as impli-
cated also by the qualitative analysis of the Fourier-isolated EXAFS (Figure 7.14 B and
7.14 C). The average number of neighbours, N, increased from 3.7 at the lowest poten-
tials to about 4.7 at 1.35 V (Figure 7.18 A). A steep increase of the Debye-Waller parame-
ter, o, from 0.069 A to 0.083 A occurs close to the midpoint potential En, of 1.2 V. Both
trends from simulation are directly visible in Fourier-isolated k-space data, where N scales
with the amplitude of the oscillations across all wavenumbers and the increase of o mani-
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fests as a damping of the amplitude at wavenumbers greater than 8 A™ (Figure 7.14 B and
7.14 C). Kim and Yo (1999) observed a linear increase of the Debye-Waller parameter for
ascending co" contribution in a Li,Coo.85Al0.1502 compound when the coordination num-
bers were fixed.

The increase (at Emi= 1.0 V) in the number of Co—Co vectors at 2.8 A can be explained by
formation of further di-p-oxido pairs of cobalt ions. This is consistent with evidence for
5-coordinated Co" at potentials below Em; (Figure 7.16). Under these conditions, Co—uO
bonds are likely broken, which elongates the bridging distances between the affected
cobalt ions*. Such a distance of approximately 3.4 A for the mono-p-oxido bridging mode
is compatible with the CoCat spectra. This metal-metal vector was initially assigned to an
interaction with potassium ions (Risch et al. 2009a).

The increase in the distance spread (at Emi= 1.2 V) likely relates to formation of Co" ions,
possibly coupled to deprotonation of bridging oxygen. One such a distance of 2.76 A to
2.78 A is expected by DFT calculations to occur for fully deprotonated ps—O bridges in the
CoCat (Mattioli et al. 2011, Wang and Van Voorhis 2011). Thus, the expected variation of
the p-oxido bridging distance is smaller than in the previous case (i.e. E,1< 1.0 V). These
minor distance changes cannot be resolved satisfactorily by EXAFS analysis (Teo 1986) in
the presence of a majority of Co—Co vectors at 2.81 A. However, the asymmetric dis-
tance distribution is expected to enlarge the Debye-Waller parameter because EXAFS
analysis is most sensitive to the (statistical) modet of the distance (Filipponi 1994,
Filipponi and Cicco 1995), relative to which the distance spread (o) is expressed. There-
fore, the increased distance spread can provide indirect evidence for minor changes of
the cobalt bridging distances.

The correlation between the number of neighbours, N, and the Debye-Waller factor, 20°,
is usually strong. In order to exclude that the simultaneous rise of N and o is a by-product
of this correlation, we used an alternative (biased) simulation in which o was fixed for
potentials smaller E,,=1.2 V and the coordination number was fixed for potentials
greater than E,,. The freely varying parameter was chosen based on the Fourier-isolated
spectra in Figure 7.14, in which the spectra in panel B show a clear increase of the
coordination number, whereas the spectra in panel C exhibit a change of the Debye-
Waller parameter. The results of the alternative simulations are shown as open circles in
Figure 7.18. Both traces are qualitatively identical and thus we conclude that the
simulation results with freely varying parameters (solid circles) are not strongly affected
by parameter correlation.

* This is analogous to the variation in the bridging distance of manganese compounds in coordi-
nation complexes (Magnuson et al. 2006) and in amorphous oxides (Zaharieva et al. 2011).
t In statistics, the mode is the value that occurs most frequently in a given distribution.
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In summary, the Co—O coordination number increased from 5 to 6 with ascending poten-
tial, whereas the bond lengths decreased, which is in agreement with the shift of the
absorption edge. The reduction of the coordination in the first shell is accompanied by a
loss of p-oxido bridges, which indicates that Co—uO bonds are broken. For potentials
supporting water oxidation, the distance spread (o) of the Co—Co shell increased steeply
which could be caused by the formation of Co'" ions.

7.5 Summary

We have characterized the CoCat by complementary X-ray absorption spectroscopy (XAS),
UV-Vis spectroscopy and coulometry experiments. In potentiostatic XAS experiments,
both the cobalt oxidation state and the atomic structure depended on the electric poten-
tial.

The populations of each ionic species from the fractional valence states were obtained by
XANES analysis. For potentials 21.35V, the concentration of Co" ions was about 20 %
(under the assumption of no Co"). A Co" concentration of 40 % was found for potentials
<0.95 V. The valence state of the films varied from +2.6 to +3.2 and thus spans 0.6 oxida-
tion equivalents, which is in perfect agreement with the 60 % of redox-active cobalt ions
as obtained by quantitative coulometric experiments.

We found that oxygen evolution accompanies cobalt reduction by a combination of vari-
ous electrochemical methods and UV-Vis spectroscopy (Figure 7.9 and 7.12). Open-circuit
electrochemical experiments suggest that accumulation of oxidation equivalents is a pre-
requisite for water oxidation and that O—O bond formation is a rate-limiting step for
water oxidation by the CoCat.

Structural changes were observed in the first (Co—0) and second (Co—Co) coordination
shell. The Co—O bond lengths decrease with ascending potential, which is in qualitative
agreement with the XANES analysis. At potentials below the midpoint potential
En1=1.0V (Figure 7.9), we found lower coordination numbers suggesting five-
coordination. The bond lengths obtained by a refined simulation approach also supported
a lower coordination at low potentials. The lower coordination in the first coordination
shell is associated with a loss of p-oxido bridging distances at 2.81 A and thus indicates
breaking of these bonds. For potentials supporting water oxidation, the distance spread
(Debye-Waller parameter, o) of the Co—Co shell increased steeply, which could be
caused by the formation of Co'" ions, possibly coupled to deprotonation of bridging
oxygen.
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Chapter 8

In-situ XAS experiments on the interrelation of pH and
electric potential

The basic structural features of an amorphous catalyst (CoCat) have been established
(Chapter 2) and we found structural changes with the applied potential for samples
prepared by a freeze-quench method (Chapter 7). Here, in-situ X-ray absorption experi-
ments were performed to study electrochemical equilibrium states in an electrodeposited
cobalt catalyst (CoCat). The cobalt oxidation states and structural motifs can be adjusted
by either variation of the electrode potential or the electrolyte pH. A potential change of
about 95 mV was found to be equivalent to one pH unit. The results substantiate the
coupling between the protonation state changes, on the one hand, as well as changes of
the cobalt oxidation state and changes of the cobalt oxido structure, on the other hand.
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8.1 Experimental detail

See Chapter 6.1 for description of the experimental detail.

8.2 Evidence for proton-coupled electron transfers by in-situ XAS

In Chapter 6, we have identified optimal operation conditions for in-situ X-ray absorption
(XAS) measurements and the impact of catalyst wear on the XAS data. Now, we discuss
the dependence of the cobalt oxidation state on changes of the electrode potential and
the electrolyte pH.

The X-ray absorption near-edge structure (XANES) can provide insights into oxidation
state and coordination environment of the metals in amorphous metal oxides. Oxidation
state changes can be inferred from a shift of the edge position in a XANES spectrum
(Natoli 1984, Teo 1986, Dau et al. 2003, de Vries et al. 2003, Glatzel et al. 2009). We have
shown in chapter 7.2 that variation of the electrode potential at pH 7 causes such a shift
(Figure 7.3). Figure 8.1 shows that the XANES spectra of the CoCat change in a similar
manner when the pH of the electrolyte is varied and the potential is constant (0.95 V). A
reference spectrum of Co?" ions in solution (0.5 mM) is also shown for comparison.

The pre-edge of the CoCat XANES spectra (inset of Figure 8.1) is not well resolved within
the experimental resolution of 1 eV (selected for optimization of data collection in the
EXAFS range). However, all pre-edge heights of the CoCat samples are higher than that of
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Figure 8.1. XANES spectra for the CoCat equilibrated at 0.95 V in KP; at pH values ranging

from 6 to 9. For reference, the spectrum of a Co** solution (0.5 mM) is also shown. The inset
magnifies the pre-edge region.
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the hexaaqua Co" sample, which may indicate a lowering of the symmetry in the electro-
deposited films (see also Chapter 4.2).

All XANES edge positions (as measured at intensity 0.5) are clearly above that of the Co"
reference. The edge position of the spectra taken at pH 7 and pH 9 differ by about 1 eV
which is comparable to the 1.2 eV shift found for variation of the electrode potential from
0.95V to 1.35V at pH 7 (Figure 7.3). Besides the edge shift, there are no other significant
changes in the shape of the XANES spectra recorded at pH 7, 8 or 9.

The spectrum taken at pH 6 diverges markedly from the spectra recorded at higher pH
values. The maximum of the spectrum is broader, its intensity is lower and its position is
about 3 eV lower than the maximum of the spectrum recorded at pH 7. This shape of the
XANES spectrum is indicative of a high concentration of Co" in the volume probed by the
X-rays. Indeed, around 35 % of the initial amount of cobalt ions in the CoCat film was
liberated into the electrolyte during the measurement (see Figures 6.2 and 6.4).
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Figure 8.2. XANES edge positions for a range of electric potentials (AV = 0.7 V) and 3 orders
of magnitude in difference of the proton concentration (pH 6 to pH 9). The Tafel
characteristics of the points drawn as open symbols deviated pronouncedly from the
expected behaviour (Figure 6.5). At low potentials, significant dissolution (up to 35 % loss of
the initial cobalt amount) of the CoCat film was observed for these films. The edge positions
were obtained by the integral method (Dau et al. 2003) and the oxidation states were
calculated from the calibration curve in Figure 7.4. The solid lines were obtained by
simulation of the experimental data with Equation 8.3. The midpoint potentials of these
simulations are located on the dotted line. Their position is indicated by a colored arrow. Y,
and Y. refer to parameters of Equation 8.3.
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The XANES edge positions for steady-state measurements at pH 6 to 9 and potentials
between 0.75 V and 1.45 V are plotted in Figure 8.2. We observed a sigmoidal trend of
the edge position with variation of the potential analogous to the curve in Figure 7.6 as
obtained by the freeze-quench method. For increasing pH, the curve shifts to lower
potentials with little variation of its shape. The upper Ilimit edge position
(Ymax = 7721.4 eV) is not reached for the experimental series recorded at pH 6. Moreover,
the midpoint potential of the curves change stronger between pH 7 and pH 6 than for any
other decrease by one pH unit, see also Table 8.1.

The calculated average formal oxidation states of the cobalt ions in the CoCat (right y-axis
in Figure 8.2) range from +2.5 in the reduced state to +3.2 in the oxidized state. These
fractional oxidation states can be translated into populations of 80 % Co" and 20 % Co"
for the fully oxidized state, which is identical to the ionic populations obtained by the
freeze-quench method (Chapter 7.2). The fractional oxidation state of +2.5 for the CoCat
at low potentials translates into populations of 50 % each for Co" and Co" lons. The con-
centration for Co" ions is increased as compared to the freeze-quench method due to film
dissolution (see below).

The solid lines in Figure 8.2 were obtained by a curve-fit based on the concept described
in the following. The edge positions and the calculated formal oxidation states are deter-
mined by the concentration of reduced species, [red], and oxidized species, [ox]. These
concentrations are related to the electrode potential, V, by a modified Nernst equation

eV =E, +kgT-In ([Oxl) +E (W ) (Eq. 8.1)

[red] [red]

where e is the elementary charge, E,, is the midpoint potential obtained for equal concen-
trations of [ox] and [red], T is the temperature of the electrolyte, kg is the Boltzmann con-
stant. E’ is the interaction term between the redox species which can be neglected for
description of solute ions. A similar modification of the Nernst equation for the equilib-
rium potential of an intercalation electrode was also used by Julien (2003).

The interaction term cannot be neglected for the interacting u—OH, bridged cobalt ions in
the CoCat. Due to these interactions, each oxidation event increases the oxidation poten-
tial for neighbouring cobalt ions. The functional form of the interaction term is unknown
for cobalt oxides. Julien (2003) assumed a linear dependence on the ratio of charged
species ([ox]/[red]). We assume a logarithmic dependence

1 lox] | — . lox]
E ([r"e’;]) =E,-In ([:;;]), (Eq. 8.2)
which allows us to solve Equation 8.1 analytically for [ox]/[red]. The derivation of the

resulting Equation 8.3 is detailed in Appendix B. The ratio [ox]/[red] can also be expressed
in terms of the XAS edge positions Y (see Appendix B).
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The edge positions in Figure 8.2 were simulated using the following solution of the modi-
fied Nernst equation (Y denotes the edge energy):

eV—Ej
Ymax' exp(kBTH:]‘IM)"'Ymin

eV-Epm, ’
exp (i)

Y = (Eqg. 8.3)

where V is the anode potential; Ymin and Ynax are minimal and maximal edge energy (in
Figure 8.2); E’,, is the electrochemical midpoint potential; and E,, is the interaction energy
between cobalt sites. The midpoint potentials and the interaction energy were varied
freely during minimization of the function in Equation 8.3. The fit results and all employed
constants are presented in Table 8.1.

The midpoint potential used in Equation 8.3 differs from the electrochemical midpoint
potentials that we discussed in Chapter 7.3. There, the midpoint potentials E,,; and E,,
were assigned to the redox couples of Co'"/Co" and Co"/Co", respectively. The midpoint
potential E’,, (Equation 8.3) described the transition between the fully reduced and fully
oxidized CoCat states (i.e. Ymin and Ynax in Figure 8.2). It is possible to account for multiple
redox couples in Equation 8.1, but the number of experimental points is insufficient to
gain further insights with a more refined simulation model.

We did not exclude the measurements performed under corrosive electrochemical
conditions* from the simulation (open symbols in Figure 8.2). The corrosive conditions
are characterized by an increased Tafel slope in Figure 6.5 and film dissolution as shown
in Figures 6.2 and 6.4. Therefore, the edge positions (and the derived oxidation states)
correspond to the average XANES spectra of cobalt in the CoCat and cobalt ions lost to
the electrolyte (see discussion in Chapter 6). The calculated midpoint potentials increase
when these measurements (open symbols) are excluded from the analysis (increase of
Ymin to 7720 eV), but the difference between the midpoint potentials (the slope dV/dpH)
is not affected. This behaviour may also be verified visually by Figure 8.2 when the dotted
line (marking the middle between Y, and Ymax) is moved to a higher edge position.

The midpoint potentials in Table 8.1 for pH >7 are well represented by a straight line with
a slope of -95 mV/pH unit (not shown). However, the slope should be considered a crude
approximation since it was calculated from only three data points. The midpoint potential
calculated for the pH 6 series is substantially higher than expected. These measurements
were not recorded for a steady state because the number of cobalt ions in the film fluc-
tuated due to dissolution and redepostion (Figure 6.2). It is conceivable that the structural
rearrangements impose a penalty on the slope dV/dpH as it is discussed in the context of
Pourbaix analysis for the CoCat (Gerken et al. 2011).

* In electrochemistry, corrosion is defined as the disintegration of a material into its constituent
atoms due to chemical reactions with its surroundings.



116 Interrelation of pH and electric potential

Table 8.1. Midpoint potentials (E’,) and interaction energies (E,) calculated from the edge
positions in Figure 8.2 by simulation based on Equation 8.1.

pH E'm(V) E. (meV) R? (%)
6 1.40+0.01 93111 98.0
7 1.06x0.01 81+10 98.3
8 0.95+0.01 69113 97.2
9 0.87+0.01 74110 97.9

Ymax=7721.4 eV was found from the average of all edge positions near 1.3 V. Likewise,
Ymin=7719.6 eV was obtained by averaging the edge positions close to 0.8 V for pH 6 and 7.
The thermal energy kzT was 26 meV (T = 300 K). RZ denotes the Pearson correlation
coefficient (Rodgers and Nicewander 1988) between the simulated curve and the
experimental values as provided by Origin 8.0.

In conclusion, the maximal concentration of Co" ions in the CoCat is approximately 20 %
for pH 7 to pH 9. This upper boundary may be reached by variation of either the electrode
potential or the electrolyte pH. The oxidation state depends sigmoidally on the applied
potential. This trend can be described by a modified Nernst equation. A variation of the
pH shifts the sigmoidal curves with -95 mV per pH unit for pH 7 to 9. Overall, these results
suggest that variations of the cobalt oxidation state are coupled to deprotonation
reactions (proton-coupled electron transfer, PCET).

8.3 In-situ XAS elucidates structural changes induced by pH variation

In section 8.2, we showed that the CoCat responds by cobalt oxidation to an increase of
the electric potential or of the pH (Figure 8.2). Now, we will discuss the accompanying
structural changes.

Structural changes in the first coordination sphere (denoted Co—O) as well as in the
second coordination sphere (denoted Co—Co) can be inferred from the peak heights in
the Fourier transform (FT) of the EXAFS region. Figure 8.3 shows these FTs measured for
steady-state conditions at pH 7, 8 and 9 (i.e., two orders of magnitude in the proton
concentration). Additionally, the anode potential was varied between 0.85 V and 1.45V
(nominal*). The EXAFS of the pH 6 measurements was not resolved well enough for
evaluation (not shown). The measurements at pH 8 (Figure 8.3 B) are also be excluded
from further evaluation since the differences in the FT peak heights cannot be resolved

* The potentials in the legend of Figure 8.3 are not corrected for the iR drop to enhance the
clarity of presentation. All subsequent figures in this chapter employ the corrected potentials.
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within the experimental noise level (which can be estimated from the amplitude at high
distances (Newville et al. 1999)).

The FT peak amplitudes of the two dominant peaks for the experimental series recorded
in pH 7 and 9 are presented in Figure 8.4. The Co—O peak height is nearly constant for
high potentials and decreases with lower potentials (Figure 8.4 A). The Co—Co peak
heights fall onto a bell-shaped curve. The curve recorded in pH 9 is very similar in shape

FT amplitude (a.u.)

g4 Co-O

Reduced Distance (A)

Figure 8.3. Fourier transformed (FT) EXAFS spectra for CoCat samples from steady-state
measurements in KP; at pH 7 (A), pH 8 (B) and pH 9 (C). The legend applies to all three
panels. The potentials in the legend were not corrected for the iR drop.
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to the pH 7 series, but shifted to lower potentials (Figure 8.4 B). The trends described
above for pH 7 agree well with the spectra obtained by the freeze-quench method
(Figure 7.14 A). In the following paragraphs, the trends visible in the FT will be investi-
gated in detail by EXAFS simulations.

The results of EXAFS simulations for the Co—O and Co—Co vectors are visualized in
Figures 8.5 and 8.7, respectively. These simulations involved three freely-simulated
parameters for each vector: the coordination number or number of atomic neighbours
(N); the distance between these atoms (R); and the spread of the distance distribution (o;
also known as Debye-Waller parameter).

For low potentials, the decreasing Co—O coordination number (N) suggests a reduction
of the coordination from six-coordinated towards five-coordinated. This trend was also
observed in the freeze-quench data for pH 7 (Figure 7.16). The data quality of the in-situ
measurements is insufficient to clearly quantify a pH-dependent shift as it was found for
the XANES edge positions (Figure 8.2). In tendency, lower potentials are required at pH 9
for a decrease of the coordination number. At potentials above 1.2 V, the curves
converge to octahedral coordination (N = 6).

The distance spread (o) at pH 7 did not exhibit any conclusive trends and may be consid-
ered constant (Figure 8.5), which is consistent with the data obtained by the freeze-
guench method (Figure 7.17). The o-values in the latter measurements are lower because
the thermal contribution to the distance spread may be neglected at 20 K (freeze-quench
data; Chapter 7) but not at room temperature (in-situ method; this chapter).

FT amplitude (a.u.)
~
FT amplitude (a.u.)
\‘

5 T T T T T i
0.8 1.0 1.2 1.4 0.8 1.0 1.2 1.4

Potential (V) Potential (V)

Figure 8.4. Peak heights of the Fourier transforms (FT) displayed in Figure 8.3. The analysis was
restricted to the experimental series taken at pH 7 (red circles) and pH 9 (blue diamonds). Panel A
shows the peak heights assigned to a Co—O distance and panel B shows the peak heights
corresponding to a Co—Co distance. Lines were added to guide the eye. Error bars were obtained
from the amplitude at high reduced distance.
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Figure 8.5. Results of EXAFs
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The most pronounced differences in the simulation results were observed for the Co—0O
bond lengths. The bond length is related to the cobalt oxidation state (Natoli 1984).
Indeed, the saturation of the oxidation state at high potentials (Figure 8.2) is mirrored by
a saturation of the bond lengths (Figure 8.5). However, the simulation results are only in
gualitative agreement with the cobalt populations discussed in section 8.2 as the varia-
tion of the bond length is smaller than expected.

The individual distances of the Co"—0, Co"—0 and Co'Y—0 bonds were resolved using a
refined simulation approach, in which the presumably asymmetric broadening of the
Co—O0 distance distribution is modeled by two Gaussian distributions. One such distribu-
tion was used for the Co" ions and the other distribution for either Co" or Co" ions
(depending on the potential). The approach is identical to the refined model discussed in
section 7.4. The bond lengths assigned to five-coordinated Co" (2.05 A) agree well
between the low temperature data (Figure 7.16) and the in-situ data (Figure 8.6 A). The
Co"Y—o0 distances in the refined simulations scatter around 1.8 A. With the freeze-quench
method, those Co"'—O distances were obtained as approximately 1.75 A in the refined
simulation (Figure 7.16 A). The short Co"—O0 bond length at 1.35V in the pH 9 dataset
could not be resolved.
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Figure 8.6. Co—O0 bond lengths
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A Co"—0 bond length of 1.8 A has been previously reported by Masset et al. (2000) for
CasCo""V,04. In addition, the calculated Co"“—O bond lengths from bond valence
theory (Brown 2009) are also around 1.8 A (parameters tabulated in references (Brown
and Altermatt 1985, Brese and O'Keeffe 1991, Wood and Palenik 1998, Lalena and Cleary
2010)).

EXAFS simulations of the Co—Co vector were employed to analyze the bell-shaped trace
of the FT peak heights in Figure 8.4. This dependence originates from a change of both
the number of cobalt neighbours (N) and the distance spread (o), see Figure 8.7. At the
low potential side of the bell-shaped trace, a decrease of N is dominant, whereas an
increase of o prevails at the high potential side. These trends are visible in free simula-
tions, but they become much clearer when an alternative simulation approach is
employed to remove the strong parameter correlation between N and o (solid symbols in
Figure 8.7).

In this alternative simulation approach, the potential region was divided into two sub-
regions. In the low potential subregion, o was fixed to the average of the freely simulated
values and in the high potential subregion, N was fixed. These regions were divided for
potentials smaller or equal 1.25 V for pH 7 and likewise at 1.05 V for pH 9. For pH 7, the
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Figure 8.7. Results of EXAFs
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division of the region was chosen similar to the simulations in Figure 7.18*. The division
between regions for pH 9 was chosen 0.2 V above the threshold point for pH 7 since the
XAS midpoint potentials in Figure 8.2 is shifted by the same magnitude.

The results of the alternative simulations confirm the trends observed by the freeze-
guench method (at pH 7), namely decrease of N in the low potential region and increase
of oin the high potential region. We have argued that the decrease of N indicates the
breaking of p-oxido bonds, whereas the increase of ocould be related to Co" formation
and the accompanying protonation change (Chapter 7.4).

The Debye-Waller parameter (o) is larger in the in-situ data (Figure 8.7) than in the low
temperature data (Figure 7.18) due to additional thermal contributions to the distance
spread (Teo 1986). An increased o-value was also found for the Co—QO vector (see
above).

* However, in the low temperature data, there is a better agreement between both simulations
when the division between regions is made at 1.15 V.
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We could not detect significant changes of the Co—Co distances for the freeze-quench
method (Figure 7.19) or the in-situ method (Figure 8.7). Moreover, the average Co—Co
distance of the latter dataset is equal to the distances found by the former method within
the experimental resolution.

In conclusion, the dependency of the oxidation state in section 8.2 on both the potential
and the pH-value is also reflected by structural changes. We found that the Co—O bond
length and the Co-u—OH, bridging mode are sensitive to both pH and potential. The pH
dependence of the Debye-Waller parameter (o) supports that the structural changes
involve changes of the protonation state.

8.4 Summary

In-situ X-ray absorption experiments (XAS) were performed to study electrochemical
equilibrium states in an electrodeposited cobalt catalyst (CoCat). The average cobalt oxi-
dation state depends sigmoidally on the applied potential, which can be described well by
the solution of a modified Nernst equation. There is an upper limit of 20 % for the
concentration of Co" ions in the CoCat. The cobalt oxidation states and structural motifs
can be adjusted by either variation of the electrode potential or the electrolyte pH, where
a potential change of about 95 mV was found to be equivalent to one pH unit. The results
substantiate the coupling between the protonation state changes, on the one hand, and
changes of the cobalt oxidation state as well as changes of the cobalt oxido structure, on
the other hand.
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Chapter 9
Mode of catalysis in the amorphous CoCat

The large-scale and sustainable extraction of hydrogen equivalents for future fuels
requires the use of efficient water-oxidation catalysts based on inexpensive and abundant
materials. Cobalt-based catalysts are especially promising. However, the mechanism of
water oxidation in these amorphous oxides is largely not understood. We propose a
catalytic scheme that is supported by results from multiple experimental methods such as
XAS, UV-Vis, electrochemistry and combinations thereof. The proposal adds the aspect of
bridging type changes to previous mechanistic considerations. In addition, catalytic
turnover may involve changes of the coordination number of the participating cobalt
ions. To our best knowledge, analogous structural changes have not been found previ-
ously for any heterogeneous catalyst for water oxidation.
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9.1 Experimental foundation

We have characterized an amorphous cobalt oxide (CoCat) by complementary X-ray
absorption spectroscopy (XAS), UV-Vis spectroscopy and electrochemical experiments. In
steady-state XAS experiments, the valence state as well as the atomic structure depends
on both the electrode potential and the pH of the electrolyte. Functional insights were
gained from electrochemical methods in combination with in-situ spectroscopy. The key
results for the development of the mechanistic proposal are summarized in the following
paragraphs.

Any formal oxidation state of the CoCat may be produced by either variation of the elec-
tric potential or the electrolyte pH (Figure 8.2). An increase by one pH unit results in the
same state as a potential increase of approximately 95 mV (for pH 7).

Pronounced redox changes were observed by the freeze-quench (Chapter 7.2) and in-situ
XAS (Chapter 8.2). In its most oxidized state, we found 20 % Co'” in the CoCat (under the
assumption of no Co"), whereas 40 % Co" was found in the most reduced state. The cobalt
oxidation state of the films varied from +2.6 to +3.2 and thus spans 0.6 oxidation equiva-
lents, which is in perfect agreement with the 60 % of redox-active cobalt ions as obtained
by quantitative coulometric experiments (Figure 7.6).

The extent of redox changes excludes that only the surface of the CoCat electrode partici-
pates in catalytic activity. The CoCat films discussed herein were approximately 40 nm
thick, whereas comparable surface metal oxides layers are much thinner (Conway 1995).
Furthermore, we have discussed (in Chapter 6) that the CoCat film thickness is well below
the penetration depth of the X-rays, which means that the XAS measurements are bulk
sensitive. Therefore, the bulk of the CoCat participates in catalysis and the mechanism
must be fundamentally different from those of metal oxide surfaces.

The high redox activity raises the question of charge neutrality. In battery materials, loss
of cations is compensated by oxidation of the involved transition metals (Arico et al.
2005). In the CoCat, charge neutrality in the bulk is most likely ensured exclusively by loss
and uptake of protons (Figure 7.9 and 8.2), that is proton and electron transfer are
coupled in a 1:1 ratio as independently reported by Surendranath et al. (2010).

The CoCat may have singly protonated p,—OH bridges in its all-Co" state (Mattioli et al.

2011). The results of this study were obtained by a combination of EXAFS analysis and ab-
initio molecular dynamics (AIMD). Moreover, AIMD simulations suggest that protons can
easily exchange between terminal oxygen atoms and u,—OH, bridges (Mattioli et al. 2011,
Wang and Van Voorhis 2011). This freedom may help to facilitate a ‘smart proton
removal’ mechanism (Dau et al. 2010) by sharing protons across neighbouring cobalt
octahedra. The cobalt atoms not participating directly in water oxidation may still assist
the process by accepting or donating protons.
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Structural changes accompany the redox changes of the cobalt ions. Oxidation of the
CoCat decreased the Co—O bond length. Additionally, there is evidence for a reduction of
the coordination from six to five when the CoCat is most reduced. The Co—Co bridging
mode also depends on the cobalt oxidation state. Reduced cobalt ions seem to have
fewer connections to other cobalt ions, whereas oxidized cobalt ions exhibit a broadened
Co—Co distance distribution. We have argued that the latter broadening originates from
changes of the protonation state of the involved u—OH, bridges.

The changes of the bridging mode could aid in stabilizing higher cobalt oxidation states in
the CoCat. The average Co—Co bridging distance of 2.81 A suggests that the cobalt ions
are strongly coupled via bridging oxygen. Consequently, the oxidation of any cobalt ion is
predicted to increase the oxidation potential for all cobalt ions in close vicinity. This has
been reported recently for a synthetic Co";Co"(u—0), complex (Symes et al. 2011, Wang
and Van Voorhis 2011) and it is also known for other synthetic p-oxido bridged complexes
(Goodson et al. 1990, Mandal and Armstrong 1995, Magnuson et al. 2006).

Bridging mode changes most likely occur at the periphery of the CoCat cluster units
(Chapter 3.6). We have found circumstantial evidence that an increased fraction of
peripheral cobalt ions enhances the catalytic activity of the CoCat film (Figure 3.6).

Based on the EXAFS results, we propose three distinct structural motifs. The catalyst
depleted of oxidation equivalents is schematically depicted in motif A of Figure 9.1. When
the potential or pH is increased, motif B prevails. It differs from the former motif by a
higher average oxidation state (+3), exclusively hexacoordinated cobalt and additional
u-OH, bridges. If the potential or pH is further increased, a certain fraction of the cobalt
ions is oxidized to Co'"” and a proton is released from a u—OH bridge (motif C).

Accumulation of oxidation equivalents was proposed as a pre-requisite for water oxida-
tion (Chapter 7.3) because the oxygen evolution rate is delayed by several seconds rela-
tive to redox changes of the catalyst (Figure 7.11). Open-circuit (OC) electrochemical
experiments suggest that oxygen evolution is accompanied by cobalt reduction
(Figure 7.12). The slow consumption of oxidation equivalents during OC conditions sug-
gests that O—O bond formation is a rate-limiting step of the water oxidation reaction.
However, any speculation about the nature of the bond formation is premature at the
present state of experimental evidence.
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Figure 9.1. Structural motifs in the cobalt film (CoCat) found by changing the electric
potential. At high potentials, cycling through these three motifs may be involved in catalysis.
Molecular oxygen is evolved upon transition from motif C to A.

9.2 Proposal for the catalytic cycle

The experimental results in the previous section lay the foundation for a proposal for the
catalytic cycle of the CoCat. We will base the mechanism on the following hypotheses:

HO The bulk of the hydrated cobalt-oxide is redox-active and participates in catalysis
of water oxidation.

H1 Catalysis involves cycling through motifs A—B—C of Figure 9.1.
H2 At constant potential, transformations between motifs A, B, C take place.

H3 Water oxidation is observed when two Co" (motif C) ions come into close
vicinity. These two cobalt ions and their immediate ligand environment
constitute the active site.

H4 O—O bond formation is accompanied by cobalt reduction and reversal of the
A—B—C transition sequence.

H5 Electrode potential and/or electrolyte pH provide the driving force for reoxida-
tion of the cobalt ions previously reduced in the O—O formation step.
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In steady-state measurements, the catalyst could be prepared in three distinct states with
prevalence of motifs A, B or C (Figure 9.1). At pH 7, the maximal concentration of motif A
is found for potentials <0.9 V, motif B prevails near potentials of 1.1 V and motif C occurs
in sizable concentrations for potentials 21.3 V. These motifs are observed at approxi-
mately 95 mV lower potentials when the pH is increased by one unit. The entire film may
adopt motif B, whereas there are upper boundaries for the concentrations of motifs A
and C (Figure 8.2). We postulate that motifs A, B and C are involved in the reaction cycle
of water oxidation (H1).

Locally, the structural motifs are in a dynamical equilibrium with the surrounding cobalt
ions in the film and also with protons of the electrolyte (H2). The consumption of oxida-
tion equivalents, i.e. the reaction C—B(—A), occurs on the time domain of tens of milli-
seconds to seconds (Figure 7.12). The local equilibrium A«<~>B«C can also be understood
as a mobility of motif C on a background of motifs A and B. The conversion rates between
the motifs depend on both the electrode potential and electrolyte pH (see below). The
conversion processes can also be described as proton coupled electron transfers.

The water oxidation reaction requires that four electrons are transferred from substrate
water molecules to a suitable active site. An active site consisting of two Co'" ions
(motif €) would reduce to two Co" ions (motif A) during catalytic turnover. Alternatively, it
is also conceivable that only one electron transfer occurs. Consequently, four Co'" ions
were required and the product would be four Co" ions (motif B). Such a model was
proposed recently by Gerken et al. (2011). There is no conclusive experimental evidence
for an active site of either two or four cobalt ions. However, the CoCat can support large
populations of Co" and therefore, we favour an active site consisting of two Co'” ions (H3).

The probability that an active site is formed in a given spatial region depends on the
number of Co" ions in the film and thus ultimately on the applied potential and the elec-
trolyte pH (see below). The dynamic equilibrium between the CoCat states (H2) then
facilitates mobility of the oxidation equivalents (motif C).

0O—O0 bond formation takes place at the active site and cobalt ions get reduced in the
process (H4). Details of the O—O bond formation are unknown at the present state of
experimental evidence. However, it is likely that the oxido bridges participate in 0—O0O
bond formation. In the transition between motifs A and B, oxygen atoms of substrate
water molecules could exchange directly with the oxygen atoms of the CoCat when a di-
p—oxido bridge is formed. The neighbouring p—O bridges could act as proton acceptors
and thereby indirectly support the bond formation.

Cobalt ions are reoxidized by the electrode, depending on the electric potential and the
pH of the electrolyte (Figure 8.2). The oxidation event does not need to take place at the
former active site because we postulated a dynamic equilibrium between the available
oxidation states (H2) and because the CoCat can accommodate significant populations of
co".
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The reoxidation cannot be the overall rate-limiting step due to the observed delay
between oxidation and oxygen evolution (Figure 7.9). Other electrochemical experiments
also support that cobalt oxidation is not rate-limiting (Surendranath et al. 2010, Gerken et
al. 2011).

Instead, the rate-limiting step must be the formation of an active site (H3) with a life time
sufficiently long to allow O—O bond formation (H4). These processes proceed much
slower than cobalt oxidation (H5) as evidenced by the experiments shown in Figures 7.9,
7.11,7.12 and 7.13.

In summary, our proposal for the catalytic cycle of the CoCat involves the following steps:
()  Dynamic equilibrium between motifs A, B, C (Figure 9.1).
()  Formation of a local active site by two Co" ions (2x motif C).
() O0—0 bond formation and cobalt reduction at the active site.
(IV)  Cobalt reoxidation and return to equilibrium conditions.

The active site requires two Co'" ions which can be located anywhere on the molecular
clusters of which the CoCat is composed. However, the correlation between the catalytic
activity and the size of these molecular clusters (Figure 3.7) suggests that most active
sites can be found on the periphery. The proposed transitions from motif A to B and C
indeed can take place only at the periphery of cobalt-oxido clusters as it is unlikely that
the us-bridges participate in bridging mode changes.

9.3 Previous proposals for the CoCat

Several hypotheses for the catalytic cycle of the CoCat have been reported previously. We
will review them in the following paragraphs in order to compare them to our proposal.

Initially, it was hypothesized that the CoCat may cycle through the solid and liquid phases
and that these phases are in equilibrium during catalytic turnover (Kanan et al. 2009). For
buffering electrolytes, such as KP; at pH 7, this mode of catalysis is no longer favoured by
researchers in this area. More recently, a two-step reaction scheme has been proposed
based on electrokinetic experiments (Surendranath et al. 2010) at potentials ranging from
1.08 V to 1.27 V. The authors assigned a reversible proton coupled electron transfer
(PCET) between Co"—OH and Co"=0 to the first step in the mechanistic sequence and a
two-electron cobalt reduction accompanying O—O bond formation to the second step. It
was hypothesized that the latter step is rate-limiting, but the nature of this step was not
discussed. In the latter mechanistic proposal, the ions of the active site cycle through oxi-
dation states of Co", Co" and Co".
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A mechanism of the O0—O bond formation has been proposed based on DFT calculations
of a single Cos04 cubane dissolved in water (Wang and Van Voorhis 2011). We are
sceptical whether these results are applicable to the CoCat because (i) the Co—Co
distance, which is crucial for their mechanism, disagrees with the published XAS experi-
ments (Risch et al. 20093, Risch et al. 2009b, Kanan et al. 2010) and (ii) the Co404 cubane
may be too small of a model for the CoCat and it does not contain any u,—OH, bonds,
which likely are crucial (see section 9.2). The DFT calculations on the simple cubane model
indicate that 0—O bond formation takes place by direct coupling of two terminal oxygen
atoms coordinated to Co" ions. Wang and Van Voorhis (2011) suggest that the rate-
limiting step may not be the O—O bond formation (due to its low energy barrier in DFT
calculations) but a preceding process, such as the addition of a substrate water molecule.

The activity of amorphous cobalt oxide films was studied systematically in the pH range of
0 to 14 using Pourbaix analysis and EPR spectroscopy (Gerken et al. 2011). Two distinct
mechanisms were proposed; one for unbuffered conditions (0.0 < pH < 3.5, homogenous
catalyst) and one for buffered conditions (3.5 < pH < 14, heterogeneous catalyst). We will
focus on the latter mechanism which applies to the conditions investigated herein. In this
mechanism, an electrochemical equilibrium is followed by a rate-limiting chemical step.
The resting state is assigned to a Co™" oxide, which has also been previously proposed
for a narrower pH range (Surendranath et al. 2010). 0—O bond formation between two
Co" ions was proposed as the rate-limiting step of water oxidation. Based on previous
experimental studies (Takada et al. 2004), it was suggested that substrate water mole-
cules react with a Co'Y=0 species in the CoCat. The ions of the active site cycle between
the Co" and Co'" oxidation states for buffered conditions; Co" ions only contribute to the
catalytic cycle in the mechanism proposed for unbuffered conditions.

Unigue aspects of our proposal are the involvement of structural changes, most notably
bridging type changes, and a detailed description of the nature of the active sites. The
structural changes we propose are not in disagreement with the previous proposals that
are based on methods not directly sensitive to local structural changes, such as electro-
kinetic experiments. Previously, the formation and likely location of the active site had
not been discussed in detail.

All proposals agree that the active site must contain Co'" ions. Furthermore, the existence
of an electrochemical equilibrium prior to the chemical rate-limiting step is undisputed.
The rate-limiting step is unanimously assigned to O—O bond formation in the experi-
mental studies. However, the details of 0—O bond formation are unclear. In general, the
newer proposals all point to a heterogeneous mechanism in which the active site remains
on the CoCat during catalytic turnover (for benign pH ranges of pH 7 to 9).

It is still disputed which oxidation states are involved in the catalytic cycle of the CoCat.
The underlying question is essentially whether Co'" is reduced to Co" or Co". It might be
possible to resolve this using quantitative in-situ EPR spectroscopy. Due to the dynamical
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equilibrium between the oxidation states of the CoCat, it is questionable if the individual
populations can be resolved. Even though it is not discussed in detail, the protonation
state of the u-OH, bridges also varies among the proposals. Our proposal for the proto-
nation states based on EXAFS analysis could be further studied by in-situ infrared spec-
troscopy.

9.4 Summary

In conclusion, our catalytic scheme is supported by results from multiple experimental
methods such as XAS, UV-Vis, electrochemistry and combinations thereof. The core ele-
ments agree with all available experimental data, even though other groups may have
interpreted electrokinetic data differently. Our proposal adds the aspect of bridging type
changes to previous mechanistic proposals. In addition, catalytic turnover may involve
changes in the coordination number of the participating cobalt ions. To our best
knowledge, analogous structural changes of the bulk have not been found previously for
any heterogeneous catalyst for water-oxidation.
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Chapter 10

Key results

The central goal of this work has been to identify structure-function relations in amor-
phous, water-oxidizing cobalt oxide films (CoCat) and thereby to gain insights into the
mechanism of catalytic water oxidation by these oxides. The following key results were
achieved:

Atomic structure of the CoCat

The first model of the atomic structure of a CoCat was obtained by EXAFS analysis.
The CoCat consists of cobalt ions octahedrally coordinated by oxygen atoms. The
cobalt octahedra exclusively share edges and form clusters of molecular dimen-
sions. (Edge-sharing means that the Co"
sively by di-u—oxido bridges.)

ions in the CoCat are connected exten-

The CoCat is built up predominantly of Co" ions when the catalyst is deposited at

potentials supporting water oxidation. For lower potentials, the concentration of
Co" ions increases and the average oxidation state is reduced.

The basic CoCat structure is retained when the catalyst is formed in different elec-
trolytes, but the size (or order) of its cobalt-oxido clusters depends on the type of
the co-deposited anion.

Phosphate oxygen atoms as cobalt-bridging ligands can be excluded in the CoCat.

Potassium binds largely unspecific to the CoCat clusters. On the other hand,
CaCo304-cubanes may form which resemble the CaMns;04-cubanes of the active
site in oxygenic photosynthesis.

The structural motifs found for the CoCat parallel those of a nickel oxide catalyst
electrodeposited by a similar protocol. The metal-to-metal di-p—oxido bridging
distances are identical in both materials. Furthermore, comparison with water-
oxidizing manganese oxides reveals that all three oxides are structurally highly
similar.

Functional results

There is little difference between both the redox activity and the catalytic activity
of the CoCat deposited with different cations. This suggests that the redox-inert
cations are not crucially involved in the elementary step that is rate-determining
in the water oxidation reaction.
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Key results

The average cobalt oxidation state depends sigmoidally on the applied potential.
This trend can be described well by the solution of a herein derived modification
of the Nernst equation.

Sizable redox changes were observed by XAS measurements. In its highest
accessible oxidation state, the CoCat may contain 20 % Co" under the assumption
of no Co", whereas 40 % Co" was found for low potentials. The cobalt oxidation
state varied from +2.6 to +3.2 and thus spans 0.6 oxidation equivalents. This figure
is in perfect agreement with the 60 % of redox-active cobalt ions as obtained by
guantitative coulometry.

The extent of redox changes suggests activity of the bulk material in catalysis of
water oxidation. It is likely that the water molecules between the CoCat clusters
play a pivotal role for the bulk activity of the CoCat. Further studies are needed to
address this question in more detail.

A delay between cobalt redox changes and the oxygen evolution rate suggests
that oxidation equivalents are accumulated prior to catalytic turnover. The acqui-
sition of oxidation equivalents is not the rate-limiting step of the water oxidation
reaction.

Oxygen evolution was accompanied by cobalt reduction, thus consuming
previously acquired oxidation equivalents. 0—O bond formation is most likely the
rate-limiting step of the water oxidation reaction as performed by the CoCat.

Structure-function relations

The catalytic activity diminishes for better ordered (or more extended) CoCat
clusters, which leads to the hypothesis that the active site is located on the
periphery of the molecular clusters.

The midpoint potentials of the Co"/Co" (1.0 V) and Co"'/Co" (1.2 V) transitions of
the CoCat were determined in KP; at pH 7. The structural changes associated with
these redox transitions were extracted using EXAFS analysis.

Any equilibrium state of the CoCat can be produced by variation of either the elec-
tric potential or the electrolyte pH. These states comprise formal cobalt oxidation
states between +2.6 and +3.2 and the concomitant structural motifs. A potential
increase by about 95 mV results in the same changes as the increase by one pH
unit (in the pH range from 7 to 9). The results corroborate that variations of the
cobalt oxidation state are coupled to deprotonation reactions (proton-coupled
electron transfer, PCET), likely involving changes in the u-O(H) bridging mode.
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Structural changes accompany the redox changes of the CoCat. Cobalt oxidation
reduces the mean Co—O bond length, as expected. Additionally, there is evidence
for a transition of the cobalt coordination number from five to six. This transition
is coupled to a Co" — Co" oxidation.

The Co—Co bridging mode also depends on the cobalt oxidation state. The
observed structural modifications suggest that the transition from five-
coordinated Co" to six-coordinated Co" is coupled to formation of an additional
u-O(H) bridge. Moreover, the Co—Co distance distribution is broadened for
steady-state measurements at potentials supporting water oxidation. We argue
that the broadening originates from deprotonation of u—OH bridges.

A mechanistic scheme for the catalytic cycle is proposed based on the structural
and functional results described in this work. The cycle comprises four steps: (i)
local dynamical equilibrium between three distinct structural motifs; (ii) formation
of a local active site by two Co" ions; (iii)) 0—0O bond formation and cobalt reduc-
tion at the active site; and (iv) cobalt reoxidation driven and return to equilibrium
conditions.



134




The BioXAS setup

135

A Additional experimental detail

A.1 The BioXAS setup at beamline KMC-1
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Figure A.1. BioXAS setup at KMC-1 (HZB, BESSY Il) in November 2010.
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A.2 Materials
Material Formula Purity Supplier Head office
Potassium acetate  KCH;CO, / KOAc 99.0 % Carl Roth GmbH Karlsruhe, GER
Lithium acetate LiCH5CO, - 2H,0/ 97.0% Sigma Aldrich GmbH Munich, GER
LiOAc - 2H,0
Potassium KCl 99.5 % Sigma Aldrich GmbH Munich, GER
chloride
Calcium chloride CaCl, - 2H,0 99.0 % Sigma Aldrich GmbH Munich, GER
Hydrochloric acid HCI 30% Carl Roth GmbH Karlsruhe, GER
Sulfuric acid H,S0, 96 % Bernd Kraft GmbH Duisburg, GER
Sodium hydroxide NaOH p.A. AppliChem GmbH Darmstadt, GER
Potassium KOH > 86 % Sigma Aldrich Chemie Munich
hydroxide GmbH
Potassium KH,PO, 99.5 % AppliChem GmbH Darmstadt, GER
phosphate
Potassium K,HPO, 99.5% AppliChem GmbH Darmstadt, GER
phosphate, dibasic
Cobalt nitrate Co"(OH,)6(NO3), 99.9 % Sigma Aldrich Chemie Munich, GER
GmbH
Nickel nitrate Ni"(OH,)s(NOs), 99 % ChemPur GmbH Karlsruhe, GER
Nickel(ll) oxide NiO 99% Sigma Aldrich Chemie Munich, GER
GmbH
Boric acid H3BO3 p.A. Merck KGaA Darmstadt, GER
ITOGLASS12 n/a 12 Q/sq. VisionTek Systems Ltd. Cheshire, UK
ITO on PET n/a 60 Q/sq. Sigma Aldrich GmbH Munich, GER
Pt electrode, n/a 99.9% Sigma Aldrich GmbH Munich, GER
100 mesh
Glassy carbon n/a n/a HTW Hochtemperatur- Thierhaupten,
SIGRADUR K Werkstoffe GmbH GER
Co foil, 10 um Co 99.9 % Goodfellow GmbH Bad Nauheim,
GER
Fe foil, 12.5 um Fe 99.9 % Goodfellow GmbH Bad Nauheim,
GER

All solutions were prepared from purified,

>18 MQ-cm).

deionized water (Millipore milliQ water,
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A.3 Electrochemical impedance spectroscopy
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Figure A.2. Impedance measurements (Bode
plot) of the electrode setup used for XAS,
coulometry and UV-Vis measurements. The
uncompensated resistances, as estimated
from the phase minimum of the unprocessed
data, are about 10 Q for glassy carbon
(freeze-quench XAS experiments), about 50 Q
for ITO on glass (UV-Vis experiments) and
about 90 Q for ITO on PET (in-situ XAS
experiments). The spectra were recorded on
a SP-200 potentiostat using the following
parameters: 0.75 V anode potential, 10 mV
modulation, and bandwidth setting 7. The
same electrode geometry was employed in
the freeze-quench experiments and in the
experiments to obtain the resistances. The
Ohmic resistances did not depend on the
potential applied at the anode.
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B Analytic solution of the modified Nernst equation

The Nernst equation relates the ionic concentrations* of a redox couple to the potential
drop across the system (V). The equation was first derived in the context of electro-
chemistry (Nernst 1889), but it is also applied in membrane biology (Murray et al. 2003)
and battery research (Armand 1980, Julien 2003). In the latter case, the Nernst equation
needs be extended by a term for the interaction of the ionic speciest:

eV =E, +kgT-In (M) +E ([0"1), (Eq. C.1)

[red] [red]

where e is the elementary charge, E,, is the midpoint potential obtained for equal concen-
trations of [ox] and [red], kgT is the thermal energy (in eV). E’ is the interaction term
between the redox species.

To our best knowledge, the functional form of the interaction term is not known.
Julien (2003) assumed a linear dependence on the concentrations of [ox] and [red]. We
assume a weaker logarithmic dependence

1 lox] \ — . [ox]
E'(121) = Ey - In (121), (Eq. C.2)
which allows us to solve for the concentrations. A logarithmic interaction term is also

functionally closer to the generalization of the concentrations in the Nernst equation by
(generally a priori unknown) ionic activities.

The XANES edge position is related to the formal oxidation state (Natoli 1984, Teo 1986,
Dau et al. 2003, de Vries et al. 2003, Glatzel et al. 2009). In our XAS experiments, we
found upper (Ymax) and lower (Ymin) limits for the edge position of the CoCat, see
Figure 8.2. The difference between these edge positions (AY) originates from the
(unknown) concentrations of each species. Without loss of generality, we will solve the
modified Nernst equation (Equation C.1) for the maximally oxidized and reduced CoCat
states instead of the actual cobalt ion concentrations. The sum over the CoCat states is by
definition the formal oxidation state of the CoCat and thus related to the maximal edge
shift:

AY = Yyax — Yoin = lox] + [red] = x + [red]. (Eg. C.3)

* The historical equation derived by Nernst (1889) uses the concentrations of ions, which is a
good approximation for dilute electrolytes in electrochemistry. The activities of the ionic
species are used instead in more general derivations of the Nernst equation, e.g., by Bard and
Faulkner (1980).

t This is analogous to the generalization from the concept of an ideal gas to a Van-der-Waal’s
gas. In dilute solutions, the interaction between ions is insignificant. However, the interaction
between ions cannot be neglected when the ionic density is high as in concentrated solutions
or in ionic solids.



142 Solution of the modified Nernst equation

When the concentration of the oxidized CoCat is denoted by x, the ratio of the concentra-
tions ([ox]/[red]) in Equation C.1 can be rewritten as follows:

[ox] _ «x
[red] ~ AY-x’

(Eg. C.4)
where x is an arbitrary edge position. However, it is more meaningful to express x relative
to the minimal edge position observed:

[ox] _ Y-Ymin
[red] Ymax =Y’

(Eg. C.5)

where Y varies between Y. and Ymin. Also, we have used the definition of AY in
Equation C.3 to simplify the denominator of the above equation.

For ionic concentrations [ox] and [red], the midpoint potential E,, is defined by the condi-
tion that both concentrations are equal ([ox] = [red]). For the XANES edge positions, we
require that E’,, is defined as the midpoint between the observed edge positions:

In (12mi2) = 0, fory = TmaxYmin, (Eq. C.6)

Ymax_ 2
This condition is satisfied. Thus, the assignment in Equation C.5 is a valid argument for the
modified Nernst equation.

Now, we derive Equation 8.3 in the main text from Equation C.1 expressed in terms of the
edge position:

eV =E, +kgT-In (gmyim) + E,, * In (3-2min ). (Eq. C.7)

Y Ymax—Y

Sorting the terms of the equation yields:

V=Em _ o (m) (Eq. C.8)

kgT+Ew - Ymax-Y

Then we apply the exponential function on both sides of the equation

exp ( €V~ Em ) =""min — 7 (Eg. C.9)

kgT+Ew Ymax—Y

and define the left-hand side (with the exponential term) as Z to enhance the clarity of
the following steps. Multiplication by the denominator of the above equation gives:

Y—Yoin=Z Ypax—Z'Y (Eqg. C.10)
and sorting left-hand side and right-hand side of the equation finally yields:
Y+Z-Y=Q0Q+2)Y =Z Yyax + Yain- (Eqg. C.11)

Division by (1 + Z) and remembering the definition of Z (Equation C.9) results in:
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eV—Ej
Ymax' exp(kBT+£;V)+ymin
eV-Epm ’
e

Y =

(Eq. C.12)

which is Equation 8.3 used the main text.
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Abstract

The sustainable, large-scale extraction of protons from water for dihydrogen as a fuel
requires utilization of efficient catalysts for (i) water oxidation and (ii) hydrogen formation
that are based on inexpensive and abundant materials. The water oxidation reaction may
be the bottleneck for dihydrogen production because it requires an intricate managing of
its four-electron/four-proton chemistry by the catalyst. At the atomic level, electro-
chemical water oxidation is only insufficiently understood. In particular, the knowledge
about water oxidation is very limited for amorphous transition metal oxides.

A cobalt-based catalyst for electrochemical water oxidation (CoCat) has attracted much
interest because of its efficiency at neutral pH and oxidative self-assembly from low-cost
materials. A CoCat is formed by electrodepositing a thin film consisting of cobalt, potas-
sium and phosphate on inert anodes. It electrochemically catalyzes water oxidation at
moderate overpotentials. The CoCat exhibits similarities to the photosynthetic water-
oxidizing manganese complex with respect to self-assembly and self-repair, as well as in
its metal-oxido structure.

The CoCat consists of cobalt octahedra which exclusively share edges and thereby form
clusters of molecular dimensions. The macroscopic film could consist of interconnected
molecular clusters in an extended but overall disordered network with water molecules
as well as cations and anions from the electrolyte between cobalt oxido clusters. The
basic CoCat structure is retained when the catalyst is formed in different electrolytes, but
the size (or order) of its cobalt-oxido clusters depends on the type of the co-deposited
anion.

Various oxidation states of the CoCat can be obtained by variation of either the electric
potential or the electrolyte pH, which suggests a coupled proton—electron transfer in the
redox reaction. The formal cobalt oxidation of the CoCat varies between +2.6 and +3.2.
The transition from five-coordinated Co" to six-coordinated Co" is coupled to formation
of an additional p-O(H) bridge. Furthermore, the Co—Co distance spread increases at
potentials fostering water oxidation, which is likely associated with deprotonation of
u-OH bridges.

A mechanistic scheme describing the mode of catalysis is proposed based on the struc-
tural and functional results in this work. The bulk of the hydrated cobalt oxide is assumed
to be catalytically active. The scheme comprises four steps: (i) equilibrium between three
distinct structural motifs; (i) formation of a local active site by two Co' ions; (iii) 0—O
bond formation and cobalt reduction at the active site; and (iv) reoxidation of cobalt at
the active site and return to equilibrium conditions.

The involvement of bridging type changes is a unique aspect of the proposed mechanistic
scheme. Structural changes analogous to those in the bulk of the CoCat have not been
described before for any heterogeneous catalyst for water-oxidation.
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Zusammenfassung

Fir die nachhaltige Produktion von molekularem Wasserstoff aus Wasser werden
effizientere Katalysatoren sowohl fiir die Wasseroxidation als auch fir die
Wasserstofferzeugung bendtigt. Diese sollten aus kostengiinstig und in groBem Umfang
verfligbaren Elementen bestehen. Fir die Wasserstoffproduktion im groBen MaRstab muss
jedoch das Problem der effizienten Wasseroxidation geldst werden. Die elektrochemische
Wasseroxidation auf atomarer Ebene ist nur unzureichend verstanden, was besonders fir
amorphe Ubergangsmetalloxide zutrifft.

Ein kobaltbasierter Katalysator zur elektrochemischen Wasseroxidation (CoCat) hat viel
Aufsehen erregt aufgrund seiner Effizienz bei neutralem pH und oxidativer Selbst-
Assemblierung aus preiswerten Ausgangsmaterialien. Ein CoCat wird erzeugt durch
Elektrodeposition eines diinnen Filmes, der Kobalt, Kalium und Phosphat enthalt und
katalysiert die elektrochemische Wasseroxidation bei moderaten Uberpotentialen. Der
CoCat teilt die Selbst-Assemblierung, die Selbstreparatur, sowie die Metalloxidstruktur
mit dem photosynthetischen Mangankomplex.

Der CoCat besteht aus Kobaltoktaedern, die ausschlieRlich Kanten teilen und dadurch
Strukturen von molekularen Dimensionen formen. Der makroskopische Film kénnte aus
einem ausgedehnten, jedoch ungeordneten Netzwerk dieser Strukturen bestehen,
welches Wassermolekiile sowie Kationen und Anionen des Elektrolyten zwischen Kobalt-
oxid Einheiten aufweist. Diese Grundstruktur bleibt erhalten, wenn der Katalysator in
verschiedenen Elektrolyten prapariert wird. Die GrofRe der Kobaltoxid-Einheiten (oder
auch die atomare Ordnung) wird allerdings vom abgeschiedenen Anion bestimmt.

Verschiedene Oxidationszustande des CoCat wurden durch Variation entweder des
elektrischen Potentiales oder des pH-Wertes erhalten, was einen gekoppelten Protonen-
Elektronen-Transfer in der Redoxreaktion belegt. Der formale Oxidationszustand des
CoCat variiert dabei zwischen +2.6 und +3.2. Der Ubergang von fiinffachkoordinierten
Co'-lonen zu sechsfachkoordinierten Co"-lonen ist gekoppelt mit dem Entstehen einer
weiteren p-O(H) Briicke. Weiterhin erhoht sich die Spanne der Co—Co Distanzen bei
Potentialen, welche die Wasseroxidation beglinstigen. Das ist wahrscheinlich verbunden
mit einer Deprotonierung der p-OH Briicken.

Ein mechanistisches Modell fir den katalytischen Modus wird basierend auf den struktu-
rellen und funktionellen Ergebnissen vorgeschlagen. Es involviert vier Schritte: (i) Gleich-
gewicht zwischen drei verschiedenen Strukturmotiven; (ii) Bildung eines aktiven
Zentrums; (iii) Bindung der Sauerstoffbindung und einhergehende Kobaltreduktion am
aktiven Zentrum; sowie (iv) Kobaltreoxidation am aktiven Zentrum und Riickkehr zu
Gleichgewichtsbedingungen.

Die Beteiligung von Verbriickungsanderungen zeichnet das vorgeschlagene
mechanistisches Modell aus. Strukturdnderungen analog zu denen im Inneren (bulk) des
CoCat sind noch nicht bei heterogenen Katalysatoren fiir die Wasseroxidation
beschrieben worden.
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