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Within the project the electronic structure and chemical reactions at interfaces are investigated
by using the quantum chemical methods density functional theory (DFT) and density-functional
tight binding (DFTB). The research covers a broad spectrum of topics ranging from sustainable
energy materials for solar hydrogen production to the wear and friction in tribological contacts
including mechanically induced chemical reactions of lubricant and additive molecules at sur-
faces. A common feature of the different studies are surface reactions of molecules induced by
different driving forces such as excited charge carriers or external mechanical load. Here, se-
lected examples of our studies are presented where the splitting of water molecules at surfaces
and interfaces plays a key role. We start with the ab initio DFT investigation of unconventional
U30s//Fe; O3 heterostructures which are used to split water molecules with the purpose of solar
hydrogen production and conclude with DFTB simulations of water lubricated carbon coatings
where water splitting can lead to extremely low friction, also known as superlubricity.

1 Introduction

Materials play a crucial role for the transition of an economy based on fossil fuels to an
economy based on renewable energies. This is also true for a more effective usage of re-
sources by reducing energy consumption and wear of mechanical machinery. Atomistic
simulations can help to better understand and predict the microscopic processes determin-
ing the functional properties and have thus become a main pillar in materials science. Here,
we demonstrate with the aid of two selected examples conducted within this project the
abilities of DFT and DFTB simulations to describe systems with very different composi-
tions and functionalities. We first give a short report on our research activities in the field of
semiconductor heterostructures for solar water splitting applications and then present a re-
cent study where again water molecule degradation at interfaces is the main concern. How-
ever, instead of excited charge carriers, in the second example mechanical load drives the
splitting of water or lubricant molecules in tribological contacts of tetrahedral amorphous
carbon (ta-C). This induces surface modifications which lead to extremely low friction.
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2 Unconventional U;Qg//Fe;O; Metal Oxide Heterostructures for
Water Splitting Applications

Solar energy conversion is a safe, eco-friendly and world’s most abundant renewable
source of energy. Direct synthesis of chemical fuels like hydrogen by photoconversion
processes can overcome the strongly unequal temporal and geographic availability of con-
ventional solar technologies such as photovoltaics. Hydrogen is considered to have a large
potential to replace fossil fuels as main primary energy source, which will have a major
impact on the global energy systems and the environment.! There are various ways of
producing solar hydrogen such as, thermo-chemical water splitting, use of photobiological
systems, and photoelectrochemical (PEC) water splitting. All pathways can contribute to
renewable hydrogen production for future green economies. However, hydrogen gener-
ation by PEC reactions is regarded as the “Holy Grail” of the hydrogen economy. PEC
water splitting by semiconductor materials is based on a simple principle (Fig. 1): upon
photo excitation of an electron-hole pair, the excited electron in the conduction band drives
the reduction of water to H,, whereas the hole in the valence band oxidises water to O,
such that the net effect is the dissociation or splitting of water into gasses of its constituent
elements. The minimum theoretical electrical potential required to oxidise water under
standard conditions is 1.23 V (vs. a standard hydrogen electrode). However, owing to sev-
eral factors such as cell resistance, polarisation losses, efc. in general an over-potential is
needed. As a consequence, the actual voltage required to achieve water electrolysis is typi-
cally in the range of 1.8 - 2.0 V. Hence, semiconductor systems with sufficiently large band
gaps are required for photoelectrochemical (PEC) water splitting. On the other hand, band
gaps far beyond 2 eV only exploit a small part of the solar spectrum for photoelectrolysis
and therefore result in low solar energy to hydrogen efficiencies.

In addition to band gap requirements, in total a unique combination of properties has
to be satisfied by the employed materials to be well suited for large-scale PEC hydrogen
production. The most important are: i) high absorption of solar energy, ii) proper alignment
of conduction and valence band edges w.r.t. water redox potentials, iii) long life-time
without material degradation and finally iv) earth abundance and low production costs.

So far, no single semiconductor system is known which satisfies all of the mentioned
preconditions at the same time. Metal oxides such as Fe,O3; or TiO, are abundant and
stable under PEC conditions but have limitations regarding charge transport properties
(Fe,03) or optical absorption in the visible range (TiO,). Material modifications such as
doping or hydrogen treatment processes are one way to enhance the PEC performance
of metal oxides and several such approaches were studied theoretically in our group.>~®
Another approach is the combination of different metal oxides in heterostructure devices,
where synergetic effects can drastically increase the PEC performance. Within this project
the mechanisms leading to an enhanced water splitting performance of two different metal
oxide heterostructures, BiVO4//TiO, and U3 QOg//Fe,O3; were investigated by DFT calcula-
tions in collaborative experimental/theoretical studies.”® The latter study is presented in
the following.

The use of uranium oxides for renewable energy conversion might look peculiar on a
first glance. However, there is a huge amount of depleted and hence low-radiation uranium
available as waste from the nuclear economy.’ Due to the problems with the long-term
storage of the uranium waste in the form of highly toxic UF, it is highly desirable to find
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Figure 1. Water splitting is based on the separation of electrons and holes after the photo excitation of elec-
tron/hole pairs in semiconductors immersed in an aqueous electrolyte. After photoexcitation and electron-hole
separation water molecules can be dissociated if the redox potentials of the water splitting reactions are properly
aligned with the semiconductor band edges. The use of semiconductor heterostructures based on two semicon-
ductors with the proper band alignment leads to enhanced electron/hole separation and helps to increase the solar
energy to hydrogen conversion efficiencies.

applications of the uranium in a closed environment such that the deconversion of UFg to
uranium oxide becomes economically viable. Hence, the application of uranium oxides as
semiconductors or catalysts has been an active research field over the last twenty years.'%-13
Together with our experimental partners from the research group of Prof. Sanjay Mathur at
the University of Cologne, the properties of U3Og//Fe, O3 heterostructures as photoanodes
for solar water splitting were investigated.> Here, the Fe,0; side of the heterojunction
was exposed towards the aqueous electrolyte and supposed to catalyse the water oxidation.
Experimentally, a strong enhancement of the PEC performance of U3 Og//Fe, O3 based pho-
toanode was found compared to the conventional PEC material Fe,O3. Pure U;Og even
showed negligible photocurrents. Transient absorption spectroscopy (TAS) measurements
revealed largely improved charge carrier separation properties of the UzOg//Fe, O3 hetero-
junction. Using the DFT+U approach,? extensive simulations of U3QOg//Fe,0; interfaces
were conducted. The calculated interfacial electronic structure revealed a so called type
IT alignment between the U3;0g and Fe, O3 band edges which favours the fast separation
of electrons and holes, see Fig. 2. The holes favour transport towards the Fe,O3 surface
to promote the oxidation of water. The electrons are transferred to the counter electrode

77



Increasing interfacial Fe concentration

‘99 0-QQQ
% s

1.0

VTP —— M
so0000

soosl VI

Model Il Model Il

Energy (eV)
Loblownw

peeeetl 1

Model II, Model Ill,
12 Vo

Energy (eV)
Sdlownn

0.0

Figure 2. Interfacial electronic structure of different U3Og//Fe;O3 interface models with varying interfacial Fe
and O ion concentration. The projected density of states (PDOS) over the interface shows that the conduction
band minimum (CBM) and the valence band maximum (VBM) in Fe;O3 are higher than in U3Og except at high
interfacial Fe ion concentration and low oxygen concentration (Model III, 9 Vo, where Vg indicates the number
of oxygen vacancies in comparison to the original structure). This so called type II alignment favours efficient
charge carrier separation of photoexcited electron/hole pairs and leads to enhanced water splitting performance.
The atomistic structures of the various interface models are shown on the top. U ions are indicated by blue, Fe
ions by brownish and O ions by red spheres. Hydrogen atoms (white spheres) are used to saturate the free U3Og
surface. Each interface model contained approximately 700 atoms.

where the actual hydrogen evolution reaction takes place. Interestingly, our simulations
revealed that the relative band alignment between Fe,O3 and U3;Og can be controlled by
the concentration of Fe ions at the interface. This behaviour can be traced back to the mul-
tivalency of U ions within U3;Og. At low enough interfacial concentrations of iron, all Fe
ions are in the 3+ state, whereas U3 QOg intrinsically contains U* and U®" jons and the 5+
valence state readily switches to the 6+ state due to oxidation by interfacial oxygen species.
Hence an interfacial dipole is building up due to charge transfer from O to U ions that tends
to lift the Fe, O3 electronic states with respect to U3Og. The reverse effect only appears at
rather high Fe ion concentrations when also Fe?* ions are present which can be oxidised.
Our DFT calculations predicted that high interfacial Fe concentrations are favoured under
more reducing conditions and the interesting question arises whether the band alignment
can thus be controlled by changing the synthesis conditions. The dependence of the band
alignment on the Fe ion concentration could also be quantitatively captured by a simple
classical electrostatic model taking into account the valency of the interfacial Fe and U
ions and allowed a simple interpretation of the DFT results.

3 Tribochemical Water Splitting for Superlow Friction

The minimisation of frictional losses in mechanical components is of paramount impor-
tance to a more efficient use of energy.'* Very significant reductions of fuel consumption
and CO; emissions could be achieved by reducing friction in passenger cars to ultralow
(friction coefficient  in the 0.1 — 0.01 range) or even to superlow levels (1 < 0.01)."
Thanks to the increased scientific effort devoted to this subject in recent years, such ex-
tremely low friction levels can be nowadays achieved in tribological systems that are tech-
nologically relevant. For instance, in order to optimise the tribological performance of
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components that operate under severe environmental or loading conditions, there is an ever
increasing use of hard surface coatings made of carbon, both with crystalline (nanocrys-
talline diamond, NCD) and amorphous (tetrahedral amorphous carbon, ta-C) structure.
Not only do these coatings offer very high resistance to wear and corrosion but they can
also yield superlow friction coefficients when used in combination with water'® and other
OH-containing molecules, such as hydrogen peroxide or glycerol.!”

Understanding the atomic-scale mechanisms leading to superlow friction is crucial to
be able to control the friction behaviour of the system (e. g. by introducing the optimal
quantity of OH-containing molecules in the system) and to understand whether superlow
friction conditions can be transferred to other materials interfaces. However, tribologi-
cal interfaces are hardly accessible by spectroscopy and microscopy techniques and these
have to be used ex situ, on surfaces after they have experienced the tribological load. This
is why atomistic simulations that can directly “look into” tribologically loaded interfaces
are an ideal tool to complement experimental characterisation. Following this concerted
approach, and combining experimental and atomistic simulations results,'®"'® first steps
forward were taken towards an explanation of superlubricity of water-lubricated carbon
coatings. In vacuum, covalent bonds form between unpassivated diamond or ta-C surfaces.
This results in plastic deformation of the interface region through a sp>-to-sp? rehybridi-
sation’"2? and in very high shear stresses, needed to make one surface slide against the
other. In presence of water at the sliding interface, tribochemical dissociative chemisortion
reactions lead to H/OH-passivation of the carbon surfaces. This prevents the formation of
covalent bonds across the sliding interface and results in superlow friction.

In this project, we combined efficient density-functional tight-binding (DFTB) molecu-
lar dynamics (MD) and density functional theory (DFT) electronic structure simulations to
gain further insights into the mechanisms leading to superlow friction of water-lubricated
diamond films.?>2* In particular, our goal was to extend the time scale spanned by previous
DFT simulations'® and to systematically investigate how the quantity of water molecules
at the sliding interface can influence such mechanisms. First, we considered the unrecon-
structed (111) diamond surface, which is the most stable fracture surface and the least
prone to amorphisation. We performed sliding MD simulation under a normal load of
5 GPa and a sliding speed of 100 ms~" for water contents that vary from dry sliding condi-
tions to a quantity of water molecules that is larger than the quantity needed to chemically
terminate the two surfaces with H atoms and OH groups.

The results of the simulations are summarised in Fig. 3. We observed five different fric-
tion regimes that depend on the water quantity. Three of these friction regimes (I, IV and
V) are compatible with the conclusions of previous experimental and simulation studies.
For dry sliding or very low amounts of water, we observe cold welding and amorphisation
of the sliding region with resulting very high friction (friction regime I). If the quantity of
water molecules at the sliding interface is sufficient to passivate the two diamond surfaces
by dissociative chemisorption, friction can reach ultralow levels, in particular in the case
of full passivation of the surface dangling bonds (friction regime IV). The presence of fur-
ther water leads to the formation of a thin water film between the passivated surfaces with
an associated friction coefficient that is higher than in the case of full passivation without
water film (friction regime V).

Interestingly, our simulation unveils two friction regimes that were not mentioned in
the previous literature (II and III). Despite appearing at the same, low number of water
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Figure 3. (a) Shear stress o and friction coefficient  as a function of the number of water molecules ny, o and
of the water surface density py, 0 for two initially unreconstructed diamond (111) surfaces. Five friction regimes
(I-V) are observed. Panels (b) to (f) show representative snapshots for friction regimes I-V. Gray, red and cyan
spheres represent carbon, oxygen and hydrogen atoms, respectively. Reused with permission from Ref. 23.

molecules (well below the quantity needed to partially passivate the surfaces), the two fric-
tion regimes are characterised by completely different friction coefficients. Friction regime
I is obtained when, after tribochemical splitting of the water molecules, ether groups form
across the sliding interface which remains crystalline. This is a cold-welding regime with
very high friction coefficient. Conversely, friction regime III can potentially lead to super-
low friction. After splitting of the water molecules, mechanochemical reactions involving
oxygen atoms cause local rearrangements of the surface structure and trigger the recon-
struction of one of the diamond surfaces. The surface reconstruction we observe is the so
called Pandey reconstruction, which is more stable than the unreconstructed (111) surface
when only a few surface dangling bonds are terminated. The aromatic character of the
Pandey reconstruction makes it chemically very stable, thus preventing the formation of
covalent bonds across the sliding interface.

To understand whether these friction regimes can be found on other crystallographic
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orientations of the diamond surface, we adopted the same approach to study the (110) and
(100) diamond surfaces.>* We found that the cold-welding regimes I and II, the H/OH-
passivation regime IV and the water film regime V are general to all of these low index
surfaces. Furthermore, new friction regimes were found on these two crystallographic ori-
entations. Due to the energetic stability of ether and keto groups on the (110) and (100)
surfaces, ether- and keto-passivation of these surfaces is possible and can lead to friction
coefficients that are very similar to those obtained in regime IV. Moreover, cross-linking
ether groups are much less probable at these two interfaces and only give rise to mild cold-
welding situations. Finally, superlow friction by aromatic passivation (regime III) was
not observed because the (110) and (100) surfaces do not show aromatic reconstructions.
However, since an amorphous layer forms on most diamond surfaces after deposition!®
or during tribological load,>® we performed further sliding simulations on ta-C sliding in-
terfaces. The simulations showed that passivating aromatic structures can form on ta-C
surfaces in sliding contact with glycerol,” thus proving the general importance of fric-
tion regime III for hard-carbon coatings whenever OH-containing molecules at the sliding
interface cannot provide full chemical termination of the surface dangling bonds.

4 Concluding Remarks

We hope that we could convince the reader that water splitting at surfaces and interfaces
is a fascinating research topic with a broad range of applications and possibly a large
impact on renewable energy conversion and in reducing energy consumption. Quantum
chemical methods proved as powerful tools to investigate the mechanisms which drive the
water splitting reactions under diverse conditions and for a plethora of different material
systems.
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