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Abstract

TiO, is one of the most promising materials nowadays for photo catalytic applications. With the help
of additional hydrogenation its catalytic efficiency can be significantly improved. It was observed that
it was the near-surface defects induced by the “mild” hydrogenation of the TiO,:H that play the key
role in improving the photocatalytic process. Therefore, understanding the defect formation
phenomena on a local atomic level is most desirable and an essential step towards realizing a stable,
catalytic efficiency of the system through systematic defect engineering. Our project aims to take
advantage of the local atomic probing strengths of Mossbauer spectroscopy and Time Dependent yy-
Angular Correlation Spectroscopy, to investigate the local defects in the nanostructured TiO,:H thin
films at the atomic scale and to correlate our results with the photo catalytic efficiency of hydrogenated
TiO, . The defects to be investigated would be systematically controlled by the thin film preparation
parameters, such as synthesis and post-hydrogen plasma treatment temperatures, as well as in-situ
measurement temperatures and light-irradiation conditions. From the results we expect important
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insight into the hydrogenation enhanced catalytic processes and input for future TiO,:H preparation
routes.

Requested shifts: 7 shifts, (split into 3(4) runs over 1 year)

Introduction and motivation

In order to retain our innovation strength and guarantee a safe sustainable energy supply,
photocatalytic materials play an increasing role for the world. The energy turnaround can
only be successful if the necessary materials and technologies can be developed [EU14].
Photocatalysis, for instance, can significantly improve the splitting of water, more efficiently
catalyse CO, with water to methane, or support the cleaning and conditioning of water with
sun light [NI07].

A photocatalytic (PC) cell uses solid-state electrodes in a similar way to conventional
electrolysers, where H,O oxidation (or O, evolution reaction) and reduction (H, evolution
reaction) take place at two different solid/liquid junctions. In PC cells, one of the electrodes
consists of a semiconductor capable of absorbing the incoming light, and in which a depletion
(or space-charge, SC) region is formed at equilibrium.

A schematic description of the photocatalytic process is shown in figure 1, where inside the

photocatalytic material free charge carriers are generated by (sun) light and are then further
involved in oxidation or reduction processes. If recombination takes place too fast, or if the
free energy carriers cannot migrate to the electrodes, then the efficiency of the photocatalytic
process drops.
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The photo-generated electrons and holes may recombine inside the electrode material or at
its surface and so release energy in the form of photons or heat. Only those free charge carriers
that reach the surface can contribute to the photocatalytic process since they come into contact
with the reactants. This makes nanomaterials the preferable choice due to the larger surface
to volume ratio. Implantation of additional metal atoms (Pt, Au, Pd, Rh, Ni, Cu, Ag, Zn, Fe,
etc.) has proven to be quite useful in enhancing the materials efficiency [NIO7]. Since many
of these elements have isotopes that can be investigated by means of Mdssbauer spectroscopy
or time differential y-y-angular correlation spectroscopy (TDPAC, see Ref. [SCH17B]) such
nuclear probes are promising for studying directly the effects of the dopant 1ons on the photo
catalysis and contributing to an understanding of the underlying mechanisms in such



materials like e.g. TiO,, ZnO or Fe,0;. Especially, charge carrier separation and the carriers
further evolution in the material play an important role.

Regarding the fabrication and investigation of photocatalytic materials we have performed
numerous investigations during the past years, with a focus on TiO2 [YANI13, IVA14,
YAI14A, YA14B, RENI15, PJE15, WAN15]. We have developed a "mild* plasma treatment
facility, which allows to adjusting a defined defect structure in TiO,, thereby modifying and
improving optical and photocatalytic effects significantly. Such changes can be clearly seen
in colour and absorption spectra, while in TEM measurements only surface, but not bulk,
effects are observed [YAN14B].

Figure 2 presents the generation rate of CH, and CO due to the photocatalytic reduction of
CO, with H,O by H-TiO,:H, for different plasma treatment times. It clearly shows that
plasma-induced defects have a positive impact on methane synthesis. However, an abundance
of defects reduces the efficiency of this process due to recombination of charge carriers, a
process which is reflected by a rise in temperature.

In order to understand these processes on an atomic scale, i.e. to understand the nature of the
H-related defects responsible for the quality of the material, we would like to make use of the
local probing strength of “’Fe-emission Mdssbauer spectroscopy as well as TDPAC, which
has already been demonstrated for co-doped TiO, (see eg. Refs. [GUN14, GAN16, WAN16,
SUN17]). The results of such studies are expected to yield important insights into the role of
defects in photocatalytic efficiency and lead to the development of highly efficient
photocatalytic materials through (so-called) defect engineering.
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There exist only a few studies of Mdssbauer spectroscopy coupled with irradiation with light
[IIDA15, KUB14, GUE1S5, TRY09, WAN14, YU15, ZAH15]. An early work on this topic
is that reported by the Giitlich group (University of Mainz). However, in several reports, the
light irradiation and the MS measurement are separated such as the experiment shown in
Figure 3 [MKRO09]. With increasing illumination time, the single absorption line shows
significant line broadening and eventually splits into a doublet.
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Preliminary work: New Mossbauer setup and experiments at ISOLDE

1) New Mossbauer Spectroscopy setup

Prior to this application our group had successfully applied for a new Mdssbauer spectroscopy
setup as part of a BMBF funded collaboration (project number: 05K16SI1, represented at
CERN by Dr. Juliana Schell as the solid-state physics coordinator). This Mossbauer
spectroscopy setup is currently being built in lively exchange with the Mossbauer
collaboration at ISOLDE and will be available for commissioning in 2018.

2) Mossbauer and TDPAC Studies of selected probes in hydrogenated thin films.

Preliminary tests of hydrogen plasma treatment on our films were performed both with
emission *’Mn/*"Fe M0ssbauer Spectroscopy (eMS) as well as '''"Cd TDPAC studies
on polycrystalline TiO, thin films (100 nm or 500 nm in thickness, with an average
crystal size of around 25 nm), which were, depending on the synthesis temperature,
belonging either to the rutile or anatase phase of TiO,, or a mixture of both. eMS is a
powerful technique for gathering local information from ordered and structurally
disordered regions of solids and is thus well suited for the atomic-scale characterisation
of materials with high defect or impurities concentration, allowing to determine
oxidation and valence states, crystal fields and site symmetry. The needed amount of
probes does not exceed 10°at% and therefore puts the least impact onto the physical
properties of the host lattice under investigation. On the other hand, TDPAC, which
also yields information about local crystal fields, gives a deep insight into interactions
of '""Cd with point defects in the TiO, rutile lattice and the implanted amount is
usually less than 10" probe nuclei.
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Figure 4 Left: Preliminary results of TDPAC measurements of """ Cd probes in TiO2:H thin films,
measured at T=500K, for increasing hydrogenation treatment temperature. Right: Preliminary
results of ””Mn Méssbauer studies of TiO2:H films measured at various temperatures

In case of the TiO,:H anatase films, a temperature dependent eMS series using *’Mn/>"Fe
probe atoms was recorded, with an exemplary series for the TiO,:H films with hydrogen
plasma treatment at RT shown in figure 4, on the right side. By choosing implantation energy
around 30 keV, the near-surface region of the film (Fig. 5) can be probed. This is nicely
correlated with the hydrogen doping depth of the sample, which normally does not exceed 15
nm, depending on the samples growth and hydrogen plasma treatment conditions. Overall,
the spectra can be analysed in terms of a doublet due to Fe®*, but around 7 = 546 K, an
apparent single line (SL) is additionally required to fit the data. The hyperfine parameters of
the SL are neither consistent with pure Fe** or Fe’**, but could be due to charge transfer
(effective charge between 2+ and 3+ during the lifetime of the Mdssbauer state) due to donor
doping effects of H. This assignment is supported by XPS results on Ti ions in TiO, (not
shown), and will be further investigated. On the other hand, a series of TDPAC studies were
performed on TiO,:H rutile films for different plasma treatment temperatures with '™Cd
probe atoms, with Cd known to enhance the photocatalytic activity when it is doped into



TiO, [ANDOQ9]. All measurements were performed at T=482 K. The results are shown in
figure 4, on the left side (compare Ref. [SCH17]).
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Fig 5: Computed mean implantation depths (using SRIM-2013, on SRIM see e.g. Ref. [ZIE10]) of
selected ions " Mn and "' Cd for various energies in Anatase and Rutile.

In summary, the main goals of the proposed project are:

1) Investigations, on an atomic scale, of defects formed in hydrogenated TiO, thin films
and nano crystalline compounds as a function of hydrogen plasma treatment
temperatures.

2) Test of the new online emission Mdssbauer Spectroscopy setup that would allow eMS
measurements to be made during light irradiation of samples.

Summary of requested shifts:
We are applying for the following beam time in 2018:

- 2 shifts for testing and commissioning of the new Mdssbauer Spectroscopy setup
- 2 shifts of °’Mn beam time
- 3 shifts of ""'mCd beam time

We are not applying for beam time beyond 2018 because of the long shutdown in 2019 and
2020.

In 2020, and application will be made for more beam time with an addendum to the present
application, for experiments starting in 2021.
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Appendix

DESCRIPTION OF THE PROPOSED EXPERIMENT

The experimental setup comprises: (name the fixed-ISOLDE installations, as well as flexible
elements of the experiment)

Part of the Choose an item. Availability Design and manufacturing
SSP-GLM chamber |Z| Existing X To be used without any modification
Mossbauer chamber (new and/or X Existing X To be used without any modification

[1 To be modified

X1 New [] standard equipment supplied by a manufacturer

[X] CERN/collaboration responsible for the design and/or
manufacturing

old existing chamber)

Existing equipment in the SSP lab in | [X] Existing X To be used without any modification
building 508 [ To be modified
[ New [] standard equipment supplied by a manufacturer

[] CERN/collaboration responsible for the design and/or
manufacturing

[insert lines if needed]

HAZARDS GENERATED BY THE EXPERIMENT

(if using fixed installation) Hazards named in the document relevant for the fixed [COLLAPS,
CRIS, ISOLTRAP, MINIBALL + only CD, MINIBALL + T-REX, NICOLE, SSP-GLM
chamber, SSP-GHM chamber, or WITCH] installation.

Additional hazards:

Hazards Collection chamber and | Méssbauer chamber at | PAC lab (building 508)
GLM beam line (SSP) GLM beam line (SSP)

Thermodynamic and fluidic

Pressure
Vacuum typically 10® mbar typically 10 mbar typically 10 mbar (oven)
Temperature RT RT — 800K RT — 800K

Heat transfer
Thermal properties of
materials

Cryogenic fluid
Electrical and electromagnetic

Electricity 12 V, max. 5 A sample
heating during
measurements

Static electricity

Magnetic field

Batteries :

Capacitors :

lonizing radiation

Target material TiO, TiO,




Beam particle type (e, p, lons ions

ions, etc.)

Beam intensity 10'ions/s 10 jons/s
Beam energy 30 - 60 keV

Cooling liquids [liquid]

Gases [gas]

Calibration sources:

0

e Open source

L

e Sealed source

|:| [I1SO standard]

e |[sotope

e Activity

Use of activated material:

e Description

[Jcollection in the
chamber, removal from the
chamber and transport to
building 508

Measurement on-line with
sample in the chamber

e Dose rate on contact
and in 10 cm distance

max. 10 uSv/h

max. 0.5 uSv/h

e |sotope

111mcd

57Mn

e Activity

max. 3-4 MBq per sample

max. 3-4 MBq per sample

Non-ionizing radiation

Laser

Illumination of the sample
with laser light during
Mossbauer measurements.

UV light

Microwaves (300MHz-30
GHz)

Radiofrequency (1-300MHz)

Chemical

Toxic

Harmful

CMR (carcinogens, mutagens
and substances toxic to
reproduction)

Corrosive

Irritant

Flammable

Oxidizing

Explosiveness

Asphyxiant

Dangerous for the
environment

Mechanical

Physical impact or
mechanical energy (moving
parts)

Mechanical properties
(Sharp, rough, slippery)

Vibration

Vehicles and Means of
Transport

Noise

Frequency

Intensity

Physical

Confined spaces

High workplaces

Access to high workplaces
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Obstructions in passageways
Manual handling
Poor ergonomics

0.1 Hazard identification

3.2 Average electrical power requirements (excluding fixed ISOLDE-installation mentioned above): (make
a rough estimate of the total power consumption of the additional equipment used in the experiment)
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