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In situ measurements provide an opportunity for investigating not only the initial and final states of the pro-
cess, but also intermediate states within the process. In particular, X-ray spectroscopy techniques have become
an important tool to obtain relevant information (oxidation state, electronic structure, local bonding environment)
during material’s transformation under real reaction conditions. Herein, we describe a novel cell specifically de-
signed for ex situ and in situ thermal studies with X-ray spectroscopy techniques. A key feature of this setup
is the possibility to work at high temperatures (up to 1370°C) and under different atmospheres (from inert to
reactive). The cell is conveniently designed to allow measurements in in-house laboratories as well as large-scale
synchrotron facilities. The setup allows also to perform X-ray spectroscopy measurements in both fluorescence
and transmission mode. In order to demonstrate the capabilities of the designed cell, thermal oxidation of metal-
lic titanium to titanium dioxide was studied. First, the manufactured cell was tested in the laboratory and
ex situ X-ray photoelectron measurements were performed for the Ti metal discs heated at different temperatures.
Then, the setup was mounted on SuperXAS beamline at Swiss Light Source, and Ti K-edge X-ray absorption spec-
troscopy and valence-to-core X-ray emission spectra were collected during the thermal oxidation process. The com-
bination of these techniques provided information about the electronic structure of occupied and unoccupied states

around the Fermi level.
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1. Introduction

The electronic band structure determines the physi-
cal and chemical properties of materials, such as op-
tical absorption, superconductivity, magnetoresistance,
catalytic and photocatalytic activity [1-3]. Thus, knowl-
edge about the electronic band structure is of prime im-
portance to understand materials function and reactiv-
ity. This information can be obtained by several, conven-
tional spectroscopic techniques, like UV-Vis, the Raman
spectroscopy, X-ray and ultraviolet photoelectron spec-
troscopy (XPS and UPS) [4, 5|, which are useful in
studying materials under steady-state or in some circum-
stances in situ conditions. The high demand for better
performing materials has pushed the direction of experi-
mental design for in situ measurements, which allow data
collection under operando conditions. Hard X-rays (with
energy higher than 4 keV) can penetrate through win-
dow materials (e.g., kapton) of in situ cells [6]. This
allows determining the structure of materials in their
natural or in operando conditions, for example in air,
under reactive gases at high temperature and pressure,
and in the liquid phase. One of the first in situ cells
designed for X-ray absorption spectroscopy studies on
catalytic samples was presented by groups of Lytle [7]
and Koningsberger [8]. Since then, a number of reac-
tion cells for X-ray spectroscopy measurements, with
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different specific design (depending on the system to
be investigated and the experimental reaction condi-
tions), have been developed [9, 10]. An general review
of the cell-developments may be found in book X-ray
Absorption Fine Structure for Catalysts and Surfaces,
edited by Y. Iwasawa [11]. The combination of X-ray
spectroscopy techniques, such as X-ray absorption spec-
troscopy (XAS) and X-ray emission spectroscopy (XES),
with hard X-rays enables to obtain a unique picture of
electronic band structure changes under material working
conditions [12, 13]. X-ray absorption spectrum is a re-
flection of the unoccupied density of states (conduction
band), whereas X-ray emission spectrum gives access to
the occupied electronic states (valence band), and thus
allows for a detailed investigation of the local electronic
structure of the absorbing atom.

In the present manuscript, we describe a custom-made
cell specifically designed for in situ thermal studies under
different atmospheres with X-ray absorption and X-ray
emission spectroscopy. The manufactured cell was ini-
tially tested in the laboratory, and thermal oxidation of
metallic titanium foil to titanium dioxide was used as
a probe reaction. Ti metal discs heated at two different
temperatures were studied ex situ by means of X-ray pho-
toelectron spectroscopy. Subsequently, to demonstrate
the capabilities of the designed cell for in situ measure-
ments, the setup was mounted at the SuperXAS beamline
of the Swiss Light Source synchrotron. The non-resonant
X-ray emission and X-ray absorption spectra were col-
lected in situ, at the beginning and end of thermal oxi-
dation of metallic titanium.
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2. Experimental section

2.1. Ezxperimental setup

The titanium metal discs (from Goodfellow, 99.99%),
10 mm in diameter and 1.0 mm thick, were used with-
out further purification. The single disc was mounted in
a custom-made cell with a heating element placed below
the sample.

2.2. Ex situ measurements

For ez situ test measurements, two titanium metal
discs were heated under ambient atmosphere from 25°C
to 300°C and 500°C, respectively. Heating rate pro-
gram was set at 5°C/min and the samples were main-
tained at set temperature for 5 h. The samples were
labelled as Ti 300C and Ti 500C. To evaluate the
oxidation process, the XPS measurements were per-
formed. XPS spectra were recorded on a Prevac pho-
toelectron spectrometer equipped with a hemispherical
VG SCIENTA R3000 analyzer. The photoelectron spec-
tra were measured using a monochromatized aluminum
Al K, source (E = 1486.6 €V). The base pressure
in the analysis chamber during the measurements was
5 x 107Y mbar. The binding energies were referenced to
C 1s core level (284.8 €V) from hydrocarbon contamina-
tions. The composition and chemical surrounding of the
sample surface were investigated on the basis of the areas
and binding energies of Ti 2p, O 1s, and C 1s photoelec-
tron peaks. The fitting of high resolution spectra was
provided through the CasaXPS software.

2.8. In situ measurements

For in situ measurements, two titanium metal discs
were heated under ambient atmosphere, at a slow rate
(5°C/min) from 25°C to 700°C, dwelled at 700°C
for 30 min and cooled rapidly to room temperature.
The experiment was conducted at the SuperXAS beam-
line at Swiss Light Source (PSI, Villigen, Switzerland).
The X-ray beam from the 2.9 T superbend magnet was
monochromatized by a double Si(111) crystal monochro-
mator. The photon flux on the sample was ca. 10'! pho-
tons/s. The beamline was calibrated using a 10 ym Ti foil
(Ti K edge at 4966 €V). The XAS and non-resonant XES
spectra were collected in situ, at the beginning and end
of thermal oxidation of metallic titanium. X-ray absorp-
tion spectra around the Ti K-edge were measured in the
fluorescence mode using a five-element sensor silicon drift
(SDD) detector. The non-resonant X-ray emission spec-
tra were recorded using a von Hamos type spectrometer
at fixed X-ray energy above the ionization threshold
(i.e., X-ray photons with 5136 eV energy). The X-rays
emitted from the sample were diffracted by a cylindri-
cally bent Si(100) crystal with a 25 cm radius of curva-
ture at 67° and detected on a 2D Pilatus detector.

3. Results and discussion

3.1. Cell design

The presented cell was designed for in situ thermal
studies under different atmospheres with X-ray absorp-
tion and X-ray emission spectroscopy. The cell is made of
stainless steel and consists of cubic sample chamber with
the outer edges length of 70.5 mm (see Fig. 1). On both,
top and bottom side of the chamber, two round aper-
tures are cut in the middle. Through one of the apertures
the sample holder/heater is attached to the chamber, the
other one is closed. Both sides are sealed by use of copper
gasket. The side walls of the sample chamber have ad-
ditional round windows with diameter of 38 mm. These
windows allow for the sample mounting as well as en-
able both entry of the incident radiation and exit of the
emitted fluorescence or transmitted radiation. Since the
windows are made on every side of the chamber, it is pos-
sible to perform the fluorescence and transmission mea-
surements at the same time. It is important to note that
size of the system and field of view from the sample are
adequate for X-ray spectrometer setup usage. This is es-
pecially important for the dispersive type spectrometers
working at relatively short radius of curvature (< 0.5 m)
which requires space for detector operation in the imme-
diate environment of the sample.

In case of measurements performed in different atmo-
sphere than air, the side windows have to be sealed. Typ-
ical X-ray transparent windows are made of beryllium,
graphite, quartz, or kapton. The design of the chamber
allows for quick change of the windows and thus adap-
tation of material type and thickness according to ex-
perimental requirements. Other windows may be sealed
by use of steel plugs and copper gaskets. The cell win-
dows have no additional cooling system. Taking it into
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Fig. 1. The schematic design of the sample chamber.
Four gas connectors allow for the continuous gas flow
through chamber, without building the additional pres-
sure inside. Side windows allow for performing measure-
ments both in fluorescence and transmission mode.
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Fig. 2.

Photographs of the setup for in situ thermal
studies under different atmospheres: (left part) custom-
made cell with side windows sealed with a Kapton foil;
(right top part) the inside of the sample chamber — the
Ti metal disc is hold on a sample heater by a hook-like
clips; (right bottom part) temperature controller unit.

consideration a test was performed to measure the ex-
ternal temperature of sample chamber, providing an in-
formation about maximum operation temperature. Tem-
perature measurements were conducted both, with and
without the kapton foil on windows. During the tests,
the sample heater temperature was set to 500°C and
maintained for 5 h. Measurements revealed that in
case of kapton foil installed, and windows sealed, the
external temperature of sample chamber increased ca.
20°C above the ambient. In case of open windows,
the external temperature grown only 10°C from the am-
bient. The maximum temperature in different atmo-
sphere conditions is dependent on the heat resistance of
the sealing material.

It is important to note that the cell has not been
designed for high pressure measurements, but rather
for comparable with ambient one with maximum dif-
ference of 10%. To prevent pressure building inside
the cell during measurements with different atmosphere
than air, the additional gas connectors are mounted on
both, top and bottom side of the cell. Owing to this,
the setup allows for continues gas flow through the sam-
ple chamber, so the pressure inside is comparable to the
atmospheric one.

Sample can be held on the heater unit by one to three
screwed hook-like clips (see Fig. 2). The holder clips may
vary in size which allows for better adjustment of sample
with different size and thicknesses. The heater setup al-
lows for holding circular shaped samples with maximum
diameter of 12 mm. The chamber setup may be attached
to the base by use of four screwed cylindrical support-
ing legs. Since the supports are made of two parts, their
length can be regulated. Adjusting lengths of the sup-
ports on one side allows to change the angle under which
the radiation enters the chamber. The angle regulation
is possible between 0 and 10°. For temperature control
and setting, the sample heater, equipped with temper-
ature sensor, is connected with the electronic controller
unit (from HeatWave Labs, Inc.). The setup allows to
program the heating profile with temperature and time

accuracy of 1°C and 1 s, respectively with the maximum
allowed temperature of 1370°C. The heating profile al-
lows for setting the suitable heating rate, ranging from 1
to 50°C/min. The other possibility is to set the temper-
ature to hold in required period of time, then change it
and hold for another period. The heater setup gives also
the possibility to gradually cool down the sample.

3.2. FEx situ measurements

In order to test the designed cell, the thermal oxidation
of titanium discs was performed. The surface chemical
composition of the samples heated at 300°C and 500 °C,
was studied ex situ by means of X-ray photoelectron spec-
troscopy (XPS). The surface composition of the studied
discs, determined based on the Ti 2p, O 1s, and C 1s re-
gions, is summarized in Table I. It should be kept in mind
that carbon detected on the surface (at similar content
in both samples) corresponds to carbon-based contami-
nation. As can be seen, raising the temperature causes
only a slight increase in Ti and O content on the surface.

In order to gain detailed information on chemical bond-
ing of species present on the surface, the deconvolution
of high-resolution spectra (Ti 2p and O 1s) was per-
formed. The Ti 2p spectra can be fitted with two peaks,
representing the Ti 2p3/; and Ti 2p;/, states (shown
in Fig. 3a). The respective peaks at 458.5 = 0.1 eV
and 464.2 £ 0.1 eV are attributed to the Ti'**t species
in TiOy [14]. It should be noted that no additional

TABLE I

Surface concentration of titanium, oxygen and carbon de-
tected in titanium disc after thermal oxidation in 300 °C
and 500 °C by XPS.

Sampl Surface concentration [at.%]
ample -
Ti 2p O 1s C1s
Ti_ 300C 19.5 66.9 13.7
Ti 500C 19.8 67.4 12.8
(a) (b)
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Fig. 3. Ti2p (a) and O 1s (b) core-level spectra mea-

sured by XPS for Ti discs after thermal oxidation in
300°C and 500°C.
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peak can be observed in the Ti 2p spectra, which con-
firms oxidation of metallic Ti to TiO, in both studied
temperatures. The O 1s spectra were deconvoluted into
four peaks (see Fig. 3b) [15, 16]. The prevailing peak
with the lowest binding energy (529.9 £ 0.1 €V) can be
assigned to lattice oxygen in metal oxides, while the sec-
ond peak with higher binding energy (530.940.2 €V) can
be attributed to O~ and hydroxyl species. The other
peaks with low intensity, located at 532.6 + 0.1 eV and
534.4 + 0.5 eV, correspond to C-O contamination and
water adsorbed on the surface, respectively.

3.8. In situ measurements

In this section, we demonstrate in situ XAS and XES
measurements performed during the thermal oxidation
of Ti disc, using the custom-made cell. For the purpose
of the present study, we focus on the Ti K-edge XAS
and valence-to-core XES (v2c¢-XES) spectra. The com-
bination of these techniques provides information about
the electronic structure of occupied (valence band) and
unoccupied (conduction band) states around the Fermi
level [17]. The XAS and non-resonant XES spectra, col-
lected at the beginning and end of the thermal oxidation
process and reflecting the conduction and valence states
of the material are plotted together in Fig. 4. It is impor-
tant to note that no additional effects related to unex-
pected background signal or unwanted X-ray fluorescence
from sample cell surroundings was observed. This means
that the designed location and size of the windows as well
as position of the sample/sample heater and other ele-
ments do not influence the spectral quality. The initial
state, which corresponds to metallic Ti before thermal
treatment, is characterized by a gapless valence and con-
duction electronic structure (see Fig. 4, top part). This
is consistent to what is expected from a metallic phase.
Along with rising temperature, the oxygen ligands are
bound to metallic centre, which results in increase of ox-
idation state from Ti% to Ti*t in the formed TiO,.

This in turn causes blue shift of the raising absorp-
tion edge energy and appearance of pre-edge struc-
tures. The XAS pre-edge structure of TiOy originates
from a combination of dipole and quadrupole transitions.
Namely, the 1s — d quadrupole transitions (low exci-
tation probability) are characterized by a higher occur-
rence probability due to hybridization of the d and p
states (more intense dipole-like excitation) [18, 19]. The
final state, collected after oxidation at 700°C, is char-
acterized by the presence of two characteristic signals
(see Fig. 4, bottom part). The first one is associated
with the remaining metallic phase, while the second one
is consistent with the formation of TiO5. In accordance
with the literature [20, 21], the collected XAS spectra
exhibit clearly visible and well-resolved pre-edge struc-
ture. The pre-edge features correspond to the transi-
tions from the 1s state to the localized and delocalized
3d states of titanium, which are additionally partially hy-
bridized with the p-type states. In the non-resonant XES
spectra, weak structures are observed that are related to
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Fig. 4. Electronic band structure of titanium at differ-

ent stages of thermal oxidation process determined from
collected XAS and XES spectra. Top part: valence and
conduction bands before oxidation showing a form of
metallic titanium (without band gap). Bottom part:
valence and conduction bands after oxidation in 700 °C
showing a titanium dioxide as a major component (with
marked approximate location of band gap).

the transition of electrons from the valence shells to the
1s state. The thermal oxidation of Ti also affects the
occupied electronic site, due to the appearance of addi-
tional oxygen states. The broadening of the structure
located at an emission energy of 4965 eV is attributed
to the hybridization of O 2p states with the occupied
Ti 3d states [17, 22]. As shown, the measured valence
and conduction band electronic states for TiO, are sepa-
rated by energy band gap, which is consistent with re-
sults expected for semiconductor. However, it should
be mentioned that the XAS-XES measurements provide
a band gap-like information, which is rather an averaged
distance between p-projected occupied and unoccupied
density of states. This is mainly because the estimated
energy band gap value is affected by the core-hole screen-
ing effects [17, 21].

4. Conclusions

In this work, we have developed and tested a novel
cell for ex situ and in situ thermal studies under different
atmospheres with X-ray absorption and X-ray emission
spectroscopy. The combination of experimental setup
with hard X-rays from synchrotron sources gives a unique
opportunity to map occupied and unoccupied electronic
states of material under material working conditions.
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