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The oxygen stoichiometries of pure and rare-earth substituted La,RuOs have been investigated by
thermogravimetry (TG) in reducing atmosphere. Assuming that the observed total weight loss is caused
by the reduction of Ru*" to Ru-metal, remarkable oxygen deficiencies were calculated. These would
correspond to ruthenium oxidation states significantly lower than the ones experimentally observed by
XANES. To explain this discrepancy we investigated the reduction products by X-ray absorption spec-
troscopy (XAS). EXAFS measurements at the Ru—K edge revealed the presence of an X-ray
amorphous ruthenium oxide, indicating an incomplete reduction. The apparent oxygen deficiencies
obtained for pure and rare-earth substituted samples correlate with the amount of remaining ruthenium
oxide. The presence of a ruthenium oxide species was furthermore verified by Ru—Ly XANES in-
vestigations. Our results show that the determination of oxygen contents by thermogravimetry might fail
even for the easily reducable nobel metal oxides and therefore has to be applied with caution if the
reaction products cannot be identified unambiguously.
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1. Introduction

The thermogravimetric determination of oxygen contents of
binary or complex oxides is a versatile and popular method applied
since many years [1,2]. Thermogravimetric oxygen determination is
especially useful for oxides of nobel metals since these can easily be
reduced to the corresponding metals in e.g. forming gas (Hz/N, or
H,/Ar mixtures). Specifically for ruthenates this method has been
used in many investigations leading to highly interesting results [3].
For example, Reller et al. found that for SroRuy_4TiyO4 the reduction
temperature increases with the Ti content due to the stabilization of
the crystal lattice by the reduction-stable titanium, a phenomenon
denoted as shielding effect [4]. For Lay_SrxCuj_yRuy04_s it was
found thermogravimetrically that the oxygen deficit ¢ varies sys-
tematically with x and y according to 6 = x/2 — y — 0.2 for
x > 2y + 0.4 [5]. EXAFS and XANES investigations later showed that
the oxygen vacancies exclusively affect the copper ions, while
ruthenium remains octahedrally coordinated [6]. For the hexagonal
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ruthenates (La,Sr)4RuO7_ 5 the reduction in forming gas revealed an
oxygen excess of 6=1/3 due to the presence of peroxide ions [7].

Thermogravimetry is neither restricted to (complete) reductions
nor to the late transition metals. As an example, Wurr and Reller [8]
showed that various manganese oxides can partly be reduced to
MnO and Lichtenberg and Reller [9] determined the oxygen content
of layered La; 1Tip 1035, 5 by thermogravimetric oxidation leading
to LayTiy O~

While these examples show the high potential of the ther-
mogravimetric oxygen determination, in the following we discuss a
compound for which this method fails although at first sight one
would not expect any problems.

LapRuOs has a layered crystal structure with LaRuOg4 perovskite-
like layers and buckled LaO layers alternating along the a-axis as
depicted in Fig. 1 and described in more detail in Refs. [10,11]. The
unsubstituted La;RuOs5 shows a phase transition at roughly 160 K,
which affects structure, magnetic properties and electrical con-
ductivity [12,13]. The high temperature (ht-) phase is characterized
by a monoclinic symmetry (space group P2¢/c, no. 14), a para-
magnetic behavior in accordance with the S = 1 moments of the
Ru** jons and a band gap of approximately 0.15 eV [12]. In contrast,
the low temperature (It-) phase has a triclinic symmetry (space
group P1, no. 2), the magnetic susceptibility is strongly reduced to
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LaRuO4

Fig. 1. Crystal structure of La,RuOs viewed along the c-axis. La is represented by large
turquoise spheres, oxygen by small red spheres and the RuOg octahedra are colored
gray. The alternating layering of LaO and LaRuO4 along the a-axis is indicated by dotted
lines. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

roughly 104 emu/mol and the conduction band gap increases to
0.21 eV [12]. During this transition the almost regular arrangement
of the Ru centers is transformed to a distorted structure with
significantly alternating Ru—Ru distances, which induces the for-
mation of antiferromagnetic spin dimers in a non-magnetic singlet
ground state [14]. This finding is supported by density functional
theory calculations applying different approaches for mapping the
electron density [15—17].

Recently, we managed to synthesize rare-earth substituted
La;RuOs (Lay_xLnyRuOs: Ln = Pr, Nd, Sm, Gd, Dy) powder samples
by a soft chemistry reaction based on the thermal decomposition of
citric acid stabilized precursors [18,19]. The preferred incorporation
of the smaller rare-earth ions in the LaO-layers shifts the phase
transition to lower temperatures with increasing substitution level
but preserves the formation of the Ru-spin dimers [19—21].

The physical properties of oxides are often strongly affected by
their oxygen stoichiometry, especially by oxygen defects. The
perhaps most prominent example is the suppression of supercon-
ductivity in YBa,Cuz07_; with decreasing oxygen content. Thus the
question arose, whether the observed changes in the phase tran-
sition of substituted LayRuOs might be caused by oxygen non-
stoichiometries. Therefore, the oxygen contents of the pure and
substituted La;RuOs samples were determined by thermogravi-
metry (TG) in reducing atmosphere. The reaction products after TG
measurement were investigated by powder X-ray diffraction (XRD)
and by X-ray absorption spectroscopy (XAS) at the Ru—K and Ru—
Ly absorption edges. The obtained rather surprising results
revealed an incomplete reduction leading to incorrect values of the
thermogravimetrically derived oxygen contents.

2. Experimental

Polycrystalline samples of (substituted) La;RuOs were prepared as
described in detail in Refs. [18,19]. For the rare-earth incorporation,
ethanolic solutions of stoichiometric amounts of La(NO3)3 x 6H,0,
Ln(NO3)3 x 6H0, ruthenium—acetylacetonate (Ru—AcAc) with a
threefold excess of citric acid as complexing agent were dried, py-
rolyzed at 600 °C and calcined at 1175 °C for at least 96 h. Using the

water soluble Ru-agent ruthenium—nitrosyleacetate (Ru—NOAc) an
additional sample of LaRuOs5 was obtained from an aqueous pre-
cursor [22]. The same heat treatment as for the Ru—AcAc route was
applied.

For the thermogravimetric measurements a TA-Instruments
2950 thermobalance was used. Approximately 50 mg of sample
powder were heated in alumina crucibles with a constant rate of
10 K/min from room temperature to 950°. This temperature was
held for 15 min. During the measurement a gas flow of 75 ml/min
forming gas (5% H, in N;) was applied. An additional flow of
25 ml/min Ar passed through the balance as protecting gas. A
baseline measurement was performed using roughly 40 mg of dry
Al;03 and applied for the buoyancy correction.

Powder X-ray diffraction patterns were recorded on a Bruker D8
Advance Bragg—Brentano diffractometer in 6/6-geometry with Cu-
K, radiation. A one-dimensional silicon strip detector (LynxEye)
was used. Measurements were carried out in the angular range
10°<26 < 60° with a step size of 0.01° and a counting time of 1 s per
data point.

Ru—K EXAFS spectra were measured in transmission mode at
the beamline X1 of HASYLAB at DESY. Approximately 100 mg of the
sample powders were mixed with 25 mg of cellulose and pressed
into pellets of 13 mm diameter. A Si(311) double monochromator
was used and the incoming beam was detuned to 70% of the
maximum intensity to suppress higher harmonics. The pre-edge
region 21.900—22.000 keV was measured in energy steps of 2 eV
for background determination. In the vicinity of the Ru—K ab-
sorption edge (Ru—K: 22.117 keV) [23], i.e. between 22.000 and
22.160 keV steps of 1 eV and an integration time per data point of
2 s was used. The EXAFS range between 22.160 and 24.000 keV was
measured in equidistant steps in k-space of 0.05 A~!. The integra-
tion time per data point was increased linearly. The spectra were
energy-calibrated against the first inflection point of a simulta-
neously recorded Ru-metal foil.

Data evaluation was performed using the program VIPER [24].
The pre-edge background up, was determined by fitting the range
21.900—22.050 keV with a polynomial function with coefficients x>
and x!. The atomic absorption coefficient uo was obtained from a
smoothing spline fit of the post-edge region. For the conversion
from energy to k-space the threshold energy Ep was calculated from
the maximum of the first derivative of the normalized spectra. The
finally obtained x(k) curves were fit using the program WinXAS [25].
After weighing with k? a Bessel-window was applied and the
spectra were Fourier-transformed to obtain the modified radial
distribution functions (mRDFs). Theoretical scattering amplitudes
and phase shifts for the mRDF fits were modeled utilizing FEFF8 [26].

Additional XANES spectra at the Ru—Ly; edge (E = 2.838 keV)
[23] were recorded at beamline A1 of HASYLAB. The sample pow-
ders and the references (Ru-metal and RuO, powder) were stuck to
adhesive tape. Spectra were obtained in transmission mode, energy
calibrated to the first inflection point of the Ru-metal reference and
normalized to the first minimum above the white lines at the ab-
sorption edge.

3. Results and discussion

The relative weight changes for three LayRuOs5 samples syn-
thesized by different reaction routes are depicted in Fig. 2. The
sample notation refers to the applied Ru-agent in the preparation
as described in Section 2. For comparison, a sample prepared by the
classical solid state reaction route was also measured. Two distinct
and well-separated weight reduction steps of approximately 2%
and 5% are observed for all samples. The first reduction step is
completed at roughly 550 °C and results in a stable intermediate
state, as already observed by Bencan et al. [27]. The inflection point
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Fig. 2. Relative weight change for La,RuOs samples synthesized by different reaction
routes and varying calcination times.

of the first reduction step differs by roughly 50 °C. In contrast, the
second reduction step is very similar for all three samples and oc-
curs in a narrow temperature range of roughly 620—680 °C. At
700 °C the reduction is completed and the final weight loss is
apparently identical for all three samples.

The obtained total weight losses of 6.64—6.70% are slightly
smaller than the value of 6.9% reported in literature [27]. Assuming
that LapRuOs is decomposed to La;03 and metallic Ru during the
reaction, a theoretical weight loss of 6.97% is calculated for two
released oxygen atoms (z = 2) according to the reaction:

La;RuOs,, +z-Hy(g) »Lay03 + Ru+z-Hy0(1). (1)

From the experimentally found weight losses the oxygen con-
tent z was calculated using:

z= (ﬁq) % 2)

where Am denotes the measured relative weight loss determined in
the temperature range 110 °C and 755 °C, M(O) is the molecular
mass of oxygen and My is sum of the molecular masses of the non-
volatile products of the reaction (Eq. (1)). The values determined for
Am and the corresponding oxygen contents for all investigated
samples are given in Table 1. For convenience we also listed
(apparent) deficiencies 6 = 5 — (3 + z). It is striking that for all three
samples of La;RuOs significant deficiencies in the range of 6 = 0.09
were found. Such high values cannot be explained by instrumental
errors. From experience we estimate a general reproducibility of
roughly 10 pg for the measurements. Taking into account an
additional uncertainty of 10—20 g for the baseline correction, a
standard deviation of 0.03 can be estimated for the oxygen content.

Table 1

Relative weight losses and oxygen contents of selected pure and substituted La;RuOs
samples. Estimated standard deviations are 0.05 for Am and 0.03 for the oxygen
contents/deficiencies.

Compound Am (%) Oxygen Oxygen
content deficit ¢
La;RuOs (solid state) 6.64 490 0.10
La;RuOs (sol—gel Ru—AcAc) 6.69 491 0.09
La;RuOs (sol—gel Ru—NOAc) 6.70 4.92 0.09
La1_75Pr0_25Ru05 6.85 4.93 0.07
L31.25Pr0‘75RUO5 6.84 494 0.06
La; sNdosRuOs 6.70 493 0.07
La; Smg 4RuO5 6.65 4.92 0.08
La; 7Gdo 3RuOs 6.53 4.89 0.11
Laq sDyo2RuOs 6.44 4.86 0.14

The values listed in Table 1 are well above the 2¢-limit for most of
the samples.

In Fig. 3 the thermogravimetric results for selected Lay_yLnyRuOs
compounds are shown. The rare-earth substitution does not change
the absolute shape of the curves, i.e. the two separate steps are still
observable. The relative weight losses change depending on the
atomic weight of the lanthanide and the substitution level. Due to
the rare-earth substitution a slightly modified reaction equation has
to be used to calculate the oxygen content:

La; 4LnxRuOs,; +z-H3(g) — (2 — X)-Lay03 + x-Ln,03
+ Ru +z-HyO(1). 3)

The Mrused in Eq. (2) changes according to the content of Lny0s3.
The oxygen contents/deficiencies for Lay_xLnyRuOs calculated using
Eq. (2) are also listed in Table 1. The obtained deficiencies range
between 0.06 and 0.14 (Table 1), and thus, are significantly larger
than the calculated error of +0.03.

The reduction products were examined by powder XRD. In Fig. 4
the pattern of LapRuOs after the TG measurement is shown. All
peaks can be identified as a-La;03 and La(OH)s, which is formed by
the reaction of the hygroscopic La,03 with air moisture. Strikingly,
the expected Ru-metal was not detected for any of the samples. A
similar finding was reported by Benc¢an et al. [27], where the Ru-
metal was not observed in the XRD patterns either, but was iden-
tified by selected area electron diffraction. These authors explained
the absence of Ru-metal diffraction peaks by very small particle
sizes.

This interpretation is not convincing, because for all other
ruthenium oxides we investigated to date, Ru-metal was clearly
detected by XRD. In Fig. 4b the pattern of the ruthenate
NdSr3RuO7, s after reduction (same reaction conditions as for
LayRuOs) is shown as one example. The Ru-metal peaks are clearly
visible. The other peaks can be explicitly ascribed to Nd;O3 and
Sr(OH),, which are the other expected reaction products.

For the (substituted) LaoRuO5 samples the oxidation states of Ru
and the substituting elements were determined by X-ray absorp-
tion near edge structure (XANES) investigations and magnetic
susceptibility measurements. For all compounds a Ru-valence of +4
was found [19,21]. The calculated oxygen deficiencies according to
Table 1 correspond to oxidation states well below +4 for ruthe-
nium, in clear contradiction to the results of the XAS and magnetic
measurements. Furthermore, neutron diffraction experiments gave
no indications for vacancies on the oxygen sites either [11,19]. The
absence of Ru-metal peaks in the XRD is a hint that this apparent
contradiction might be caused by an incomplete reaction.

To gain a better insight in the nature of the ruthenium-related
reduction products, X-ray absorption spectroscopy measurements
at the Ru—Ly; and Ru—K edges were carried out. XAS is highly

0
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Fig. 3. Relative weight change for selected La,_,LnyRuOs samples.
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Fig. 4. XRD patterns of a) La,RuOs and b) NdSrsRuO;.; after thermogravimetric
measurement in reducing atmosphere. a) The markers indicate the 26-values and in-
tensities of La(OH)3 (PDF 036-1481) (red) and a-La,03 (PDF 071-4953) (green). b) The
red markers represent the 26-values and intensities of Ru-metal (PDF 065-1863). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

element specific and not restricted to crystalline samples. For these
reasons (possibly amorphous) Ru compounds can be investigated
while by-products like Ln(OH)s; do not interfere.

The normalized XANES spectra at the Ru—Ly; absorption edge
are shown in Fig. 5. The so-called “white line” observed at the Ru—
Ly edge is caused by transitions from the 2P3); core state to un-
occupied states with predominantly 4d character. The intensity,
fine structure, and energy position of the white line is affected by
several parameters, like the number of available states (which re-
flects the oxidation state), coordination geometry and hybridiza-
tion of the Ru-4d orbitals with ligand orbitals. The Ru-metal
reference shows a single, broad absorption peak with a rather low
intensity. On the other hand, RuO; provides the typical edge shape
of ruthenium-based oxides with two very intense white lines.
These two white lines correspond to excitations into the 4d-t,; and
eg levels of Ru in an octahedral oxygen coordination [28]. The same
structure of the white lines was also observed for the original (i.e.
not reduced) La;RuOs [21]. The XANES spectra of the reduced

T
— Ru-metal

Ru-L M
44 it ;o RUOZ L
After reduction:
3] ----La, Pr . .RuO, 1
-----La,RuO,

Norm. Absorption (arb. units)
N

2.83 2.84 2.85 2.86
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Fig. 5. Normalized Ru—L;; absorption spectra of reduced La;,sPro75RuOs (at 950 °C)
and LaRuOs (at 1100 °C) in comparison with the references Ru-metal and RuO,.

samples are clearly different from the one of ruthenium metal,
indicating that the reduction is not fully completed. It has to be
noted that the reduction products of other ruthenium oxides like
RuO; show XANES spectra that are identical with the Ru-metal
reference. Thus the reduction behavior of (substituted) LayRuOs is
obviously different from the ones of other ruthenates. On the other
hand, the XANES spectra of the reduced La;RuOs5 samples also show
clear differences compared to “normal” ruthenium-based oxides as
shown e.g. in Refs. [29—32]. An obvious difference is the appear-
ance of only one intense peak for the reduced samples. This peak
indicates the presence of some bonded oxygen, i.e. the hybridiza-
tion of Ru-4d and O-2p orbitals, but only in such small amounts that
a splitting of the Ru-d orbitals into sets of different energy does not
occur. For the different samples the peak exhibits a slightly
different shape depending on the final temperature of the TG
measurement. The pure La;RuOs, which was reduced up to 1100 °C
(dash dot line), shows a narrower and smaller peak compared to
the rare-earth substituted samples (dashed line) and the other
unsubstituted LapRuOs, which were only reacted to 950 °C. The
peak maxima of the Ru-metal and the La,RuOs sample are in good
agreement, whereas the maximum for the other samples is slightly
shifted to higher energies by roughly 0.1 eV reflecting a small
valence shift effect. This is also a sign of traces of oxidized Ru
remaining in the TG reacted samples.

Considering the Ru—Ljy; absorption spectra, a quantitative
analysis of a correlation between ¢ and the peak intensity was not
possible, therefore additional Ru—K EXAFS spectra were recorded
and analyzed.

From the Ru—K absorption spectra of selected samples the
corresponding mRDFs were obtained by Fourier-transformation of
the k’-weighted EXAFS regions. They are depicted in the left frame
of Fig. 6 together with the Ru-metal reference. For better compa-
rability the mRDFs were normalized to the maximum of the main
peak at roughly 2.2 A. In the mRDF of the Ru-metal four distinct
peaks at approximately 2.2 A, 3.5 A, 4.3 A, and 5 A are observed. The
shown pattern is typical for metals with (hexagonal or cubic) close
packing. These four peaks were also found for the reduction
products of the (substituted) LapRuOs5 samples, indicating that a
reduction actually took place. Interestingly, for the reduced sam-
ples an additional peak at approximately 1.5 A was found. This peak
at the left side of the most intense peak, which corresponds to the
first Ru-coordination shell in the metal, was only found for the
reduced samples of LayRuOs-related compounds. The distance of
1.5 A from the X-ray absorbing atom is typical for the Ru—0 bond
length taking into account that due to phase shifts during the ab-
sorption/backscattering process the interatomic distances seen in
the mRDFs are systematically too small. In fact, the same peak
distance of roughly 1.5 A was found for all ruthenium oxides
including e.g. LapRuOs or RuO,, and is a clear proof that a small
fraction of oxidized ruthenium is preserved in the reduced samples
after the TG treatment.

From Fig. 6 and Table 1 it is obvious that the peak intensity
correlates with the obtained oxygen deficiency . For a quantitative
analysis the peak areas were determined to study this correlation in
detail. For this, the first coordination peak of the Ru-metal mRDF
was fit to obtain a smooth, well-defined reference curve, which can
be subtracted from the other samples’ mRDFs. In this fit two Ru
backscattering paths were used reflecting the two slightly distinct
nearest-neighbor sites of the hexagonal lattice. The corresponding
amplitudes and phase shifts were modeled by FEFF8. The distances
of the shells amounted to 2.64(1) A (Ru1) and 2.71(1) A (Ru2). A
fixed degeneracy of N = 6 for both backscattering paths was used
according to the hexagonal close packing. In addition, identical
Debye—Waller factors ¢ = 0.0033(1) A? were used. The excellent
agreement of the fit is shown in the right frame of Fig. 6. The fit



S. Riegg et al. / Solid State Sciences 20 (2013) 97—102

101

R (A)

—
X
g
X
= La,RuO,
'_
L Law.75Pro.25Rulos ]
a) La, Nd, RuO,
o . 50T
E 0.75
1S Ru-metal
<)
Z
T 1
6

| Ruk {0.04
Ru-metal {
- - - Fit _
- Ru1 40.03 “‘5
Ru2 =~
=
{0.02 k&
[T
=)
[hd
IS
- 40.01
/)
2d — 0.00
0 2 4 6

Fig. 6. Left: normalized mRDF obtained from the Ru—K EXAFS spectra of selected La,_,LnyRuOs samples. Right: fit of the first two Ru-coordination shells for the Ru-metal reference.

curve was subtracted from the mRDFs of the reduced samples
leading to the residuals shown in the left frame of Fig. 7.

The Ru—O related peaks were integrated between the shown
markers to obtain numerical values for the peak intensities. These
values are drawn vs. the corresponding oxygen deficits ¢ (from
Table 1) in the right frame of Fig. 7. The Ru-metal sample was
taken to have a zero peak area and ¢ = 0. It is clearly visible that
the peak areas show a linear correlation to the (apparent) oxygen
deficits as indicated by the red dashed line, which represents a
linear fit.

The linear correlation of 6 and the Ru—O0 peak area illustratively
reflects the incomplete reduction of pure and rare-earth substituted
LayRuOs samples resulting in a small fraction of remaining oxidized
Ru. One might assume that the applied reduction temperature of
950 °C is not sufficient to obtain a complete reduction. For this
reason we performed additional reductions on a Netzsch STA 409
thermobalance up to a temperature of 1100 °C. Even at this much
higher temperature the reduction remained incomplete as deduced
from the weight loss of 6.81% related to an (apparent) oxygen
deficiency of 6 = 0.05. The fact that 6 was found to be smaller than

for the samples heated to only 950 °C but neither an additional
reduction step nor a slow continuous weight loss were observed
indicates that the reduction process becomes very slow at tem-
peratures above ca. 800 °C. Furthermore, it can be seen from Fig. 7
that the reduction gradually proceeds to a higher degree with
increasing Ln-substitution level. One possible reason may be the
structural stress induced by the substitution [19].

The question remains if the reduction of LayRuOs remains
incomplete because of kinetic or thermodynamic reasons. The
formation of a partly reduced ruthenium oxide containing rare-
earth ions cannot be excluded although no indications for such a
phase were found in the EXAFS data. Especially in the case of a rare-
earth-poor phase, the corresponding Ln-coordination spheres may
well be hidden under the very intense Ru-related peaks in the
mRDF. Therefore, the occurrence of (X-ray amorphous) suboxides
during reduction has to be taken into account. On the other hand, it
is remarkable that an incomplete reaction was only observed for
(substituted) LapRuOs while chemically related compounds like
(La,Sr)2(Ru,Cu)04_s or (La,Sr)4RuO7, 5 become completely reduced
under the same conditions [5,7]. Kinetic reasons cannot be
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excluded either. For example, the formation of a (again possibly La-
containing) shell around an unreacted oxide core leading to a
diffusion-controlled reaction rate seems plausible. Still the
distinctively different reaction behavior of LaRuOs compared to
other rare-earth ruthenates is puzzling. Further investigations
including longer reaction times and/or higher temperatures as well
as HRTEM are planned to address these questions.

4. Summary and conclusions

The reduction of La;RuOs and rare-earth substituted La;_yLnyRuOs
was studied by thermogravimetry to derive the exact oxygen stoi-
chiometries of the compounds. For all samples a two-step reduction
behavior was observed with the formation of a stable intermediate.
Onset temperatures of the first reduction step were found to depend
on the synthesis conditions. For all samples the observed total weight
losses were significantly smaller than expected. Assuming complete
reduction, the calculations lead to (apparent) oxygen deficiencies
0.06 < ¢ < 0.14 in clear contradiction to earlier results from neutron
diffraction, XAS and magnetic measurements. The lack of XRD peaks
corresponding to metallic ruthenium was a first hint pointing to an
incomplete reaction.

XANES measurements show that the structure of the Ru—Ly;
absorption edge does not resemble the one of metallic ruthenium.
On the contrary, the presence of a very intense white line indicates
a Ru4d—02p hybridization, i.e. the presence of oxygen. Ru—K EXAFS
measurements clearly show the presence of Ru—0 bonds and in
turn an incomplete reduction of the transition metal. It was
possible to quantify the amount of remaining oxygen and a linear
correlation with the apparent oxygen deficiency of the samples was
found. This linear relation proves that the calculated oxygen de-
ficiencies are actually artifacts, resulting from an incomplete reac-
tion even at temperatures up to 1100 °C.

This incomplete reduction of LayRuOs-type samples is an un-
usual exception, as all other ruthenium oxides we studied to date
can readily be reduced.

In this paper we introduced an example for the failure of oxygen
content determination by thermogravimetry although at first sight
no problems were expected. The reduction of late (nobel) transition
metal oxides usually leads to the corresponding metals and espe-
cially numerous ruthenium oxides have been successfully investi-
gated by this method. Nevertheless, one must not forget that the
determination of oxygen contents by thermogravimetry will only
yield correct results if

a) the starting material is phase-pure and
b) the reduction products are well-defined.

As shown in this work, extra attention has to be paid to the latter
restriction and hand-waving arguments (“What else could it be?”)
are clearly inappropriate.
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