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A high-temperature furnace with an induction heater coil has been designed
and constructed for in situ X-ray spectroscopic experiments under controlled
atmospheric conditions and temperatures up to 3275 K. The multi-purpose
chamber design allows working in backscattering and normal fluorescence mode
for synchrotron X-ray absorption and emission spectroscopy. The use of the
furnace is demonstrated in a study of the in situ formation of Cr oxide between
1823 K and 2023 K at log PO, values between —10.0 and —11.3 using X-ray
absorption near-edge spectroscopy. The set-up is of particular interest for
studying liquid metals, alloys and other electrically conductive materials under

extreme conditions.
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1. Introduction

The local and electronic structure of materials and their
changes during solid-state reactions and transformation
processes can be investigated in situ by using X-ray absorption
and emission spectroscopy (Glatzel & Bergmann, 2005). Since
many interesting physical phenomena exhibited by materials
occur at non-ambient temperatures, high-temperature devices
have been constructed for many years (Berry et al., 2003;
Farges et al, 1995, 1996, 1999; Filipponi & Dicicco, 1994,
Filipponi & Malvestuto, 2003; Jacobs & Egry, 1999; Marcos et
al., 1994; Munozpaez et al., 1995; Safonova, Deniau et al., 2006;
Safonova et al., 2005). The melting temperature of most metals
is, however, very high, making it difficult to find a proper
heater and a crucible material which resists such temperatures
and does not react with the sample. Induction is a non-contact
heating process which relies on induced electrical currents
within the sample to produce heat. This process allows
attaining temperatures up to 3275 K under different atmo-
spheric conditions.

Our furnace combines the design by Jacobs & Egry (1999)
to use induction heating in order to attain temperatures up
to 3275 K and the design used in solid-state chemistry and
catalysis to work under controlled atmospheric conditions
(Grunwaldt et al., 2001; Safonova et al., 2005; Safonova, Tromp
et al., 2006). The furnace of Filippone and co-workers (Filip-
poni & Dicicco, 1994; Filipponi & Malvestuto, 2003) also
reaches such high temperatures but is operational under high-
vacuum conditions. Furthermore, our furnace can be used for
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X-ray absorption spectroscopy (XAS) measurements at lower
energies, down to the Sc K-edge at 4492 eV. Compared with
the design of Berry et al. (2003) for the study of Cr in silicate
melts under controlled oxygen fugacities, the presented
furnace reaches higher temperatures.

To demonstrate the operation of the apparatus we have
chosen to study in situ the formation of chromium oxide on Cr
metal under high temperature and low oxygen fugacity
conditions for the following reasons.

(i) Chromium oxides exist in a range of oxidation states with
known coordination environment; hence they are very useful
to serve as reference materials for XAS. The oxidation state of
the chromium oxides has been determined by wet chemical
analysis on quenched materials and the phase diagram
subsequently calculated (Toker ez al., 1991; Wilhelmi, 1968).
However, owing to the fact that Cr** ions are rare and
unstable in terrestrial minerals, in situ observation becomes
almost unavoidable. Cr**O is metastable at all temperatures
and only exists in the liquid phase together with solid Cr,O3
(Degterov & Pelton, 1996). Furthermore, the oxidation state
determined from quenched materials does not necessarily
correspond to that present at high temperature because of the
possibility of disproportionation or charge-transfer reactions
on cooling (Berry & O’Neill, 2004; Berry et al., 2003; Eeckhout
et al., 2007).

(ii) The study of the electronic structure and local coordi-
nation of Cr is important in geosciences and catalysis. Tradi-
tional trace-element studies have shown that minor amounts
of Cr are present in the Earth’s mantle (~0.3 wt% Cr,03 is
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believed to be present in the primitive mantle; O’Neill &
Palmer, 1998). Changes in the oxidation state of transition
elements, which have been predicted to be induced by high
pressure (Li et al., 1995), are critical for their partitioning
behaviour during differentiation processes. Eeckhout et al
(2007) showed that in synthetic iron-free Cr:MgO the Cr**
content reaches ~40%, and in Cr:MgSiO; perovskite with
0.006 Cr a.p.f.u. (atoms per formula unit) chromium is mainly
divalent. Both phases are found in the Earth’s lower mantle. In
catalysis, supported chromium oxide is widely used in many
industrial applications, the most important being the dehy-
drogenation of light alkanes over alumina-supported chro-
mium oxides and the polymerization of ethylene over silica-
supported chromium oxides (Weckhuysen et al., 1996).

(iii) As the Cr K-edge lies below 6 keV, only few applica-
tions on Cr K-edge XAS have been reported in the literature
(Berry & O’Neill, 2004; Berry et al., 2003; Eeckhout et al., 2007;
Groppo, Lamberti et al., 2005; Groppo, Prestipino et al., 2005;
Sutton et al., 1993).

Highly pure chromium metal was used as a starting material
and the different stability fields of the calculated phase
diagram for chromium oxide were investigated by changing
both temperature and atmospheric conditions. The fluores-
cence X-ray absorption near-edge spectra (XANES)
measured in situ at the Cr K-edge are presented.

2. Technical characteristics

The experimental set-up of the high-temperature furnace is
shown in Fig. 1. The chamber, 200 mm diameter and 275 mm
height, is made from stainless steel. The inner side is shielded
by highly pure Al foil to avoid any signal from the chromium
present in the stainless steel. Secondary fluorescence radiation
can be detected in backscattering mode by four photodiodes
which are placed concentrically around the incident beam at
45° or with normal incident and grazing exit angle (detector at
90° with respect to the incoming X-ray
beam). The photodiodes are connected
to a voltage-to-frequency converter.
The sensitivity of this converter is
adjusted using an MCCE electrometer.
The signal passes via fibre optics to
the counting card. The furnace X-ray
windows are made from 40 pm Kapton
foil and have a diameter of 40 mm. The
exit windows are additionally shielded
by a black Kapton foil, hence resulting
in a transmission of 85% at 6000 eV.
Since the Kapton windows contain a
small amount of Ca, the lower energy
range is limited to the Sc K-edge at
4492 eV, where the transmission reaches
75%. Temperature is measured from
the top by a multiwavelength pyrometer
(FAR Associates SpectroPyrometer
FMP2) with on-line tolerance and
signal-strength  (emissivity) display,

BN sample holder

adjustable support

Figure 1

Removable and height-

spectral and total emissivity correction and absorption
compensation. For the non-contact temperature measurement
a fused silica VP-DUV-200 viewport is used. An additional
valve protects the viewport from metal sublimation in between
two temperature measurements. The distance between sample
and pyrometer was 23 cm. In order to check the temperature
information derived from the pyrometer after calibration
using an integrated laser, the melting temperature of Cr
(99.7%+), Ni (99.9%) and Co (99.99%) metal was experi-
mentally verified. For these measurements a piece of metal
rod (2 mm diameter for Ni and Co and 5 mm diameter for Cr)
was placed onto a BN holder and positioned within the
induction coil. The chamber was first vacuum pumped and
then filled with Ar inert gas, under a static pressure of 1 bar.
The obtained temperature accuracy was 0.45%. The sample of
99.7%+ pure Cr metal (5 mm diameter) was then placed onto
a BN holder and positioned within the induction coil. The
height of the sample can be manually adjusted from the
bottom of the chamber. The induction coil has an inner
diameter of about 8 mm and a gap of about 1 mm between the
two windings. This allows free observation of the sample from
the side for the X-ray beam as well as for the detectors (Fig. 1).
The basic components of the induction heating system are an
AC power supply, induction coil and sample. The power
supply sends alternating current through the coil, generating a
magnetic field. When the sample is placed inside the coil, the
magnetic field induces eddy currents in the sample, generating
precise amounts of clean localized heat without any physical
contact between the coil and the sample. The frequency of the
alternating current within the Cu coil was about 300 kHz,
hence the induction coil is water-cooled to avoid elevated
temperatures and thus melting of the coil. The oxygen pres-
sure PO, or redox potential inside the furnace was imposed by
CO/CO, gas mixtures using computer-driven Bronkhorst
mass-flow controllers. According to the reaction CO, — CO +
1/2O,, the ratio of CO and CO, accurately defines the partial

Window for Pyrometer

Gas exhaust
Connection to

vacuum pump

Water outlet Water inlet

Experimental set-up of the high-temperature furnace.
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pressure of oxygen. The used flow rates of Table 1
CO and 1% CO, in He were between 27

and 100 ml min~". Before the experiment

Pre-edge peak features of the Fe K-edge XANES spectra.

Precision and accuracy of the pre-edge peak centroid are ~0.05 and 0.1 eV, respectively.

the chamber was evacuated to a pressure

of ~107° mbar, flushed by He and conse- Peak 1
quently filled and flushed twice by the (V)

desired gas mixture. The evacuation and Cr,O;  5989.9
filling procedure prevents the sample from 5989.8
being contaminated by atmospheric g 2323'2
oxygen during subsequent heating. The  p 5989.9
chamber was maintained slightly above E 5989.8
atmospheric pressure and the gases were Z ggzgg

Peak 1 Peak 2 Integrated Pre-edge Fit
Peak 2 FWHM FWHM intensity centroid agreement
(eV) (eV) (eV) (arbitrary units) (eV) index (%)
5993.0 1.4 2.5 0.221 5991.9 99.9
5993.0 14 2.4 0.267 5992.0 99.9

2.8 0.112 5989.9 99.9

1.8 0.070 5989.5 99.8
5992.5 1.7 22 0.204 5990.9 99.9
5992.5 22 2.8 0.938 5991.2 99.8
5992.5 2.4 3.7 0.837 5991.5 99.9
5992.4 22 42 0.755 5991.6 99.9

vented to an extraction line.

Fluorescence-yield ~ XANES  were
collected at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France, at beamline ID26 (Gauthier et
al., 1999; Solé et al., 1999). The storage ring operating condi-
tions were 6 GeV electron energy and 200 mA electron
current (hybrid mode). The energy of the incident synchrotron
radiation beam was selected by means of a pair of He-cooled
Si crystals (130 K) with a (220) orientation, providing an
energy resolution of 0.35eV at 6000 eV. A reference Cr
metallic foil was used to provide an internal energy calibration
for the monochromator (first inflection point of the Cr K-edge
set at 5989 eV) at the beginning of each change of gas
mixtures. We used two Si mirrors for the higher harmonics
rejection of the incident X-ray beam (cut-off energy at
10 keV). XANES data were recorded in quick-scan mode by
simultaneously scanning the monochromator angle and the
undulator gap and counting 100 ms per point (Solé et al.,
1999). This continuous mode where the spectrum is collected
‘on the fly’ has further been reported by Frahm and co-
workers (Bornebusch et al., 1999; Frahm, 1989a,b; Liitzen-
kirchen-Hecht & Frahm, 1999, 2001). The incident flux was
monitored by detecting the X-ray scattering from a thin
Kapton foil in the incident beam path. Fluorescence spectra
were collected simultaneously in backscattering mode, i.e. with
the scattering angle close to 180°, as well as with normal
incident and grazing exit angle (Fig. 1). However, self-
absorption effects cause considerable distortion of spectra
measured in fluorescence mode (Pfalzer et al., 1999; Troger et
al.,1992). These effects can be eliminated when measurements
are taken at normal incidence and grazing exit angle (Pfalzer
et al., 1999), hence only the as-such obtained spectra will be
discussed in this study. For XAS experiments on levitated
metallic melts the backscattering mode is ideally suited
(Jacobs & Egry, 1999). In addition, the spectrum measured
within the stability field of Cr,O3 was compared with that of a
Cr,05 reference powder. The latter spectrum was recorded
using a liquid-nitrogen-cooled Si (311) double-crystal mono-
chromator, providing an energy resolution of 0.17 eV at
6000 eV. Each XANES within the energy range 5986—6004 eV
took 30 s. The storage ring operating conditions were 6 GeV
electron energy and 200 mA electron current (2 x 1/3 filling
mode). The other experimental conditions are the same as
those for the furnace experiment.

The XANES spectra were collected in situ between 2023
and 1823 K at different log PO, values in order to investigate
the different chromium oxides (Toker et al., 1991). At 2023 K
the log PO, range was from —11.0 to —10.1, at 1948 K from
—11.3 to —11.0, at 1923 K from —11.27 to —10.0, and at
1823 K the log PO, value was —11.0. The XANES spectra
were normalized to the K-edge jump after subtraction of a
constant background using the WinXAS97 program (Ressler,
1997). Baseline subtraction was performed by fitting a Gaus-
sian function on the low-energy tail of the edge starting at
5984 eV. The pre-edges were deconvoluted using the program
PeakFit4 into pseudo-Voigt components to derive the
normalized height and position.

3. Applications

The use of XANES to determine the redox state and coor-
dination number of transition metal cations generally relies on
the analysis of the pre-edge features observed at the low-
energy side of the edge. These features are related to dipole
and quadrupole transitions from the metal 1s core state to
metal 3d with some contribution from 4p depending on the
local symmetry. Their intensity and energy therefore depend
on the valence state and site symmetry of the metal cation
(Calas & Petiau, 1983; Farges, 2001; Giuli et al., 2003; Sutton et
al., 1993; Westre et al., 1997; Wilke et al., 2001). The XANES
reference spectrum for Cr’* together with some selected
spectra are depicted in Fig. 2. Four different groups can be
discerned (Table 1). Firstly, the XANES spectrum of the Cr’**
reference Cr,O3; and spectrum A (collected at 1823 K and a
log PO, value of —11) show two small pre-edge features
around 5989.9 and 5993.0eV and a strong shoulder at
6001.4 eV. The relative intensity is stronger for the pre-edge
component occurring at the highest energy. Secondly, spectra
B and C (collected at 1923 K and a log PO, value of —11.3 and
at room temperature and a log PO, value of —11.3; the latter
spectrum was collected after heating was switched off while
keeping the same atmospheric conditions) show a single pre-
edge peak and a broad shoulder around 5996 eV. The energy
position of the Cr K-edge, corresponding to the minimum
energy required to promote a ls electron to the continuum, is
shifted by ~2.5 eV to lower energy with respect to that for the
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position of the centroid is close to that
for Cr,O; (Table 1). According to the
phase diagram (Toker et al, 1991),
spectrum B (group 2) has been collected
at the eutectic point, spectrum D (group
3) in the stability field for Cr;O,4, and
spectra E, F and G (group 4) in the
liquid phase. It is important to note at
this point that when the sample is partly
(B) or completely (E, F, G) liquid, the pre-edge features
become broader and less defined, whereas the integrated
intensity becomes higher. This also explains why spectrum C is
better resolved with respect to spectrum B and has a lower
pre-edge peak intensity. Interestingly, whereas the melting
point of Cr,03 lies at 2708 K, that for CrO; and CrO, occur at
470 K and 673 K, respectively. To the best of our knowledge,
the melting points of Cr;0,4 and CrO are not known, but, for
comparison, the melting point of Cr** oxalate occurs at 573 K.
Moreover, spectrum C can thus be regarded as a reference for
Cr**0, although we should keep in mind that it is impossible to
know whether all chromium occurs as Cr**.

The pre-edge data (integrated intensity versus centroid
energy position) are plotted in Fig. 3. Previous studies at the
Fe K-edge revealed that, when comparing data of unknown
samples with those of model compounds with known Fe
oxidation state and coordination number, the contribution of

Figure 2

0 -
5984 5986 5988 5990 5992 5994 5996 5998
Incident energy (eV)

5984 5986 5988 5990 5992 5994 5996 5998
Incident energy (eV)
(®)

(a) XANES spectra of the Cr,0O5 reference together with some selected spectra. The arrow points
to the pre-edge features. Spectrum A was collected at 1823 K and a log PO, value of —11, B at
1923 K and —11.3, C at room temperature and —11.3, D at 1948 K and —11.27, E, F and G at
2023 K and —10.4, —10.25 and —10.1, respectively. (b) Fit of the pre-edge features.

the different Fe oxidation states and coordination numbers
can be evaluated (Farges, 2001; Giuli er al., 2002, 2003, 2005;
Wilke et al., 2001). However, to the best of the author’s
knowledge, no XANES reference spectrum for Cr**O has
been reported so far. So, in order to quantify the amount of
Cr** in quenched silicate glass sample, Berry and co-workers
(Berry & O’Neill, 2004; Berry et al., 2003) used the shoulder at
the edge crest. Groppo and co-workers (Groppo, Lamberti et
al., 2005; Groppo, Prestipino et al., 2005) determined in a
similar way in situ the Cr oxidation state of the Cr/SiO,
catalyst. However, Glatzel et al. (2008) recently reported that
in hematite (a-Fe,O5) the pre-edge features reflect the strong
influence of the orbital hybridization of metal-ligand and
metal-metal type and are dominantly of dipolar character.
Since the presently studied samples are partly or completely in
the liquid phase, the shoulder at the edge crest is regarded not
to be a suitable feature to determine the oxidation state. As a
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Figure 3

Plot of the pre-edge peak integrated intensity versus the centroid energy
for the different samples belonging to group 1 (diamonds), group 2
(circles), group 3 (triangle) and group 4 (squares).
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Figure 4
XANES spectra of the Cr*"O and Cr,O; reference. The arrows point to
the edge crest.

consequence, we use the centroid position of the pre-edge
features to determine the Cr oxidation state, while the inte-
grated intensity cannot be used to resolve the coordination
number, as in the case of solid samples.

The centroid position for Cr** in Cr,0; occurs at 5991.9 eV,
whereas that for sample C, which is considered to be a refer-
ence for Cr**O, occurs at 5989.5 eV. Fig. 3 reveals that group 1
represents the Cr’* samples, group 2 the Cr** samples and
group 3 the Cr**—Cr’* mixtures. The calculated liquid oxide
phase (Toker et al, 1991) at 2023 K and a log PO, value
between —11.0 and —10.1 thus mainly consists of Cr’*, with
small but varying amounts of Cr**.

4. Concluding remarks

The use of our high-temperature furnace for in situ X-ray
spectroscopic experiments under controlled atmosphere has
been demonstrated in a study of the in sifu formation of

chromium oxide. The calculated phase diagram for chromium
oxide (Toker et al.,, 1991) has been confirmed by experiment.
At the calculated eutectic point (Toker et al., 1991), chromium
occurs mainly, if not completely, as Cr**. When present in the
liquid phase, the pre-edge features are more intense but less
resolved. Chromium is then present as Cr’*, with small but
varying amounts of Cr**. Moreover, a reference spectrum for
Cr**O has been recorded (Fig. 4).
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radiation facilities. Special thanks go to Yves Dabin, Heinz
Graafsma, Peter Van der Linden, Thomas Neisius, Philippe
Marion, Philippe Chappelet, Christophe Lapras and the ESRF
staff. We are grateful for the critical comments expressed by
two anonymous colleagues.
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