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ORIGINAL RESEARCH ARTICLE

Oxidation Behavior of the Skutterudite Material
Ybo 2C04Sb1s

RICHARD DREVET, LIONEL ARANDA, NICOLAS DAVID,
MOHAMED BENYAHIA, DRISS KENFAUI, PHILIPPE MASSCHELEIN,
CHRISTOPHE CANDOLFI, BERTRAND LENOIR, JUDITH MONNIER,
ANNE DAUSCHER, ERIC ALLENO, and PATRICE BERTHOD

The skutterudite materials belonging to the CoSbs family are widely studied for thermoelectric
applications. They are typically used under vacuum, but applications under oxidizing
environments are increasingly considered. The addition of ytterbium is known to enhance the
thermoelectric properties of CoSbs, but the corresponding impact on the oxidation behavior of
the skutterudite material is barely explored. For that purpose, the present research describes the
oxidation behavior of Yby ,Co4Sb;, under a flow of air at 800 K for 15, 50, 100, and 1000 hours.
The oxidation treatment induces the growth of a surface layer made of three oxides in various
amounts as a function of the oxidation time. The spinel oxide CoSb,04/Co0O-Sb,O; and
CoSb,0O¢ are observed from 15 hours of oxidation, whereas Sb,Oy, is formed only from 100
hours of treatment. To assess the impact of ytterbium, the oxidation behavior of Ybg,Co04Sb,
is compared to that of CoSb; oxidized in the same experimental conditions. The results show
that the low amount of ytterbium promotes the oxidation reactions of the skutterudite material.
Nonetheless, the impact on the degradation of the material remains acceptable to use
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Yby,Co4Sb, for thermoelectric applications under oxidizing environments.
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I. INTRODUCTION

THE skutterudite compounds are thermoelectric
materials, i.e., materials with the ability to produce
electrical energy from heat flow.!"> Among them,
CoSbs is currently the most employed one to produce
the electrical generators used for space explorations
thanks to powerful thermoelectric properties such as a
high figure of merit and a good Seebeck coefficient.* !
Although these properties are valuable, the enhance-
ment of skutterudite materials remains an actual chal-
lenge for research and industry. Many recent
developments describe the positive impact of filling
atoms inside the crystal lattice of CoSbs.l'> ' Particu-
larly, the addition of ytterbium is established to improve
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the thermoelectric properties by reducing the lattice
thermal conductivity and by promoting the n-type
conduction, thus improving the figure of merit of the
skutterudite material.l'*'* Nowadays, the most inter-
esting skutterudite material containing ytterbium is
Yb0.2CO4Sb12.[15’16]

As efficient electrical energy producers, the skutteru-
dite materials are increasingly considered to produce
generators usable on Earth, i.e., under oxidizing envi-
ronments.'”'® To reach this objective, the impact of
ytterbium on the oxidation behavior of the skutterudite
material must be carefully assessed. Indeed, the oxida-
tion behavior of metallic materials can be significantl
affected by any chemical or structural modifications.!"”!
In service, the skutterudite materials typically face
temperatures of hundreds of kelvins that potentially
induce permanent damages.'”) The corresponding oxi-
dation reactions may degrade the thermoelectric prop-
erties of the material and the durability of the device.!'
Ideally, for potential industrial applications, the skut-
terudite materials have to successfully resist for thou-
sands of hours in air at 800 K, a relevant temperature
found for example in car exhaust gases.!'® 2% If this key
objective is reached, Yby,Co4Sby, will be established to
be an efficient skutterudite material to produce the next
generation of electrical generators.
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In that framework, this research work explores the
oxidation behavior of Yby,Co04Sb;, at 800 K, to assess
the potential use of this innovative skutterudite material
under oxidizing environments. The surface changes
induced by the oxidation treatment are described and
discussed. The results are compared with those obtained
for CoSb; oxidized in the same experimental conditions.

II. MATERIALS AND METHODS

A. Synthesis of Skutterudite Materials

The skutterudite material Yby,Co4Sby, is synthesized
according to the protocol developed in our
labs.!!11221°23] Briefly, a stoichiometric mixture of high
purity powders of ytterbium (Yb, 99.99 pct), cobalt (Co,
99.99 pct), and antimony (Sb, 99.999 pct) is melted at
1373 K for 24 hours, then annealed at 1093 K for 96
hours under argon atmosphere inside a vitreous-carbon
crucible. The obtained button is thoroughly crushed to
produce a powder densified by spark plasma sintering
(SPS, Syntex DR SINTER Lab 515S) in graphite dies
for 10 minutes at 893 K under 50 MPa. The same
protocol is used for the synthesis of CoSb; samples.

B. Preparation and Oxidation of Skutterudite Materials

The skutterudite samples are slightly polished and
ultrasonically cleaned in ethanol. The oxidation treat-
ments are carried out inside a tube furnace (Carbolite)
under a continuous flow of synthetic air (4 L h™). The
samples are oxidized at 800 K for 15, 50, 100, or 1000
hours.

C. Characterization of Skutterudite Materials

The crystalline phases of the oxidized samples are
characterized by X-ray diffraction (XRD) with a Philips
X’pert Pro diffractometer using monochromatic Cuy,
radiation (4 = 0.15406 nm). The phases are identified
from the diffraction files provided by the International
Centre for Diffraction Data (ICDD). A scanning elec-
tron microscope (SEM, JEOL JSM 6010LA) is used to
study the surface morphology of the samples from
secondary electrons (SE) and their cross-sections from
backscattered electrons (BSE). This SEM is equipped
with an energy dispersive X-ray spectrometer (EDS). At
last, the mass variation (Am) of the oxidized samples is
measured as a function of their oxidation time with a
precision balance (METTLER-TOLEDO).

III. RESULTS AND DISCUSSION

The skutterudite materials Ybgy,Co04Sb;>, and CoSbs
were oxidized in air at 800 K for 15, 50, 100, and 1000
hours. The corresponding surface oxides are identified
for both samples from the XRD patterns of Figures 1
and 2, respectively.
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Fig. —XRD pattern of Yby,Co4Sbi, as a function of oxidation
time in air at 800 K.

Three oxides of cobalt and/or antimony are identified
in various amounts depending on the oxidation time.
The signal from the spinel oxide CoSb,04/Co0O-Sb,05 is
the main one, identified from 15 hours of oxida-
tion.”*2 The signal from CoSb,Og increases with the
oxidation time, appearing from 100 hours of oxidation
in the case of CoSbs;, whereas it is already present from
15 hours of oxidation in the case of Ybgy,Co4Sb;,. The
signal from the skutterudite is observed during the first
times of oxidation in the case of CoSb;, whereas only
the oxides are identified in the case of Ybgy,Co04Sby,,
even at 15 hours of oxidation. The third oxide is Sb,Oy4
whose signal is detected from 100 hours of oxidation for
both samples and becomes higher after 1000 hours of
treatment. The production of Sb>O4 during the oxida-
tion of CoSbs samples in air at 800 K is commonly
described in two steps according to the following
reactions®®:

4 COSb3(S) + 11 Oz(g) =4 COSb204(S)
+ 2 8Sby0s(s) (1

4 Sb203(S) — 2/n Sbn(g) + 3 szO4(S) [2]
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Fig. 2—XRD pattern of CoSb; as a function of oxidation time in
air at 800 K. Reprinted with permission from Ref. 23.

These oxidation reactions are undoubtedly the same
in the case of Yby-,Co4Sby, samples. The oxide CoSb,0y,
may be oxidized, producing CoSb,Og according to
reaction [3]°"!

CoSb,04(s) + Oa(g) — CoSbyOg(s) 3]

These reactions induce the surface changes presented
on the SEM images of Figures 3 and 4, showing the
progressive growth of the oxide layers with the oxida-
tion time. These surface layers are made of crystallites
the size of which increases all along the 1000 hours of
treatment. The morphologies of these surface oxide
layers look similar, but the crystallites are larger in the
case of Yby,Co4Sb,, regardless of the oxidation time.

The corresponding mass variations are plotted as a
function of the oxidation time in Figure 5. The two
curves have similar behaviors, growing as a function of
the square root of time. According to Fick’s law, the
main models of oxidation of metals and alloys describe a

METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 3—SEM images (secondary electrons) of the surface of
Yby,Co4Sb, as a function of oxidation time in air at 800 K.

Fig. 4—SEM images (secondary electrons) of the surface of CoSbs
as a function of oxidation time in air at 800 K.
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Fig. 5—Mass variation of Yby,Co4Sbj, and CoSbs as a function of
oxidation time in air at 800 K.

diffusion-controlled process.*®*) The oxidation reac-
tions occur either by the diffusion of metal ions towards
the surface to react with oxygen or by the diffusion of
oxygen ions through the oxide layer to react with metal
ions at the metal/oxide interface.”” As the oxide layer



growth continues with time, the diffusing species take a
longer time to reach the surface or the metal/oxide
interface, progressively slowing down the oxidation
[31] . . . ..
process.”” ' The first times of oxidation are similar for
both samples, but from 100 hours of oxidation, the mass
of CoSb; slightly decrecases whereas that of
Ybo,Co4Sby, is still increasing. Indeed, it is well
established in the literature that the oxidation of
skutterudite materials combines several phenomena,
being not only diffusion-controlled as typically
described for metallic alloys.*?

During the oxidation treatment, the formation of
oxides induces a mass gain and the growth of a surface
layer as described from the images of Figures 3 and 4.
However, the simultaneous evaporation of several
chemical species also contributes to the mass variation
of the samples. According to reaction (2), the sublima-
tion of antimony from the substrate occurs simultane-
ously with the formation of Sb,O4. Moreover, several
studies also demonstrate that CoSbs is decomposed
from 800 K producing a mixture of CoSb, and CoSb
together with volatile antimony according to Reactions
[4] and [5]%7 3%

CoSbs(s) — CoSby(s) + /4 Sba(g) [4]
CoSb,(s) — CoSb(s) + /4 Sby(g) [5]

At last, the volatilization of some unstable oxide
phases (e.g., Sb,O3, SbsOy) also influences the oxidation
behavior of the skutterudite materials.*®! However, after
1000 hours of oxidation, it is noticeable that the mass
gain of Yby,Co4Sby, is higher than that of CoSbs. This
observation means that the low amount of ytterbium
added to the skutterudite promotes the formation of
stable oxides rather than volatile species. Indeed, the
atomic radius of ytterbium (ry, = 1.76 A) is larger
than those of cobalt (r(co) = 1.25 A) and antimony (rsp)
= 1.38 A).** The corresponding crystal lattice distor-
tion weakens the bonds between Co and Sb in the
skutterudite material, promoting the diffusion of oxygen
and increasing the formation of stable oxidation prod-
ucts.'" All along the oxidation treatment, the XRD
patterns of the oxidized Yb,,Co4Sb;, (Figure 1) show
higher signals of CoSb,Og¢ than those observed from the
XRD patterns of the oxidized CoSb; (Figure 2).
According to reaction (3), CoSb,Og is produced by the
oxidation of CoSb,0O4, which is formed first during the
oxidation of the skutterudite materials.*”! This reaction
is promoted by the presence of ytterbium that promotes
the inward diffusion of oxygen inside the skutterudite
material. Indeed, the oxidation of ytterbium produces
Yb,03 whose coefficient of thermal expansion is more
than three times lower than that of Sb,O3.'*! The
corresponding mismatch induces mechanical stress and
the formation of microcracks inside the oxide layer.
These cracks promote the transport of oxygen and
antimony through the oxide layer, further deteriorating
the skutterudite material.

The cross-section SEM images of Ybg,Co4Sb;, oxi-
dized at 800 K are presented in Figure 6. They show a

Fig. 6—Cross-section SEM images (backscattered electrons) of
Ybgy,Co4Sb;, as a function of oxidation time in air at 800 K.
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Fig. 7—Cross-section SEM image (backscattered electrons) of
Yby-,Co4Sby, after oxidation in air at 800 K for 1000 h.

typical contrast of a surface oxide layer on a metallic
substrate. Regardless of the oxidation duration, the
surface oxide layer is mainly made of a mixture of
CoSb,04/Co00-Sb,0O; and CoSb,0O4, according to the
XRD patterns of Figure 1. From 100 hours of oxida-
tion, some needles are observed on the top of the surface
oxide layer. The growth of these needles continues until
1000 hours of treatment, forming a thin light grey layer.
This top surface layer is related to the growth of the
crystallites observed in the surface images and to the
new phase observed from 100 hours of oxidation on the
XRD patterns of Figure 1, i.e., Sb,Oy4.

This assumption is confirmed by the cross-section
SEM image of Figure 7 and the corresponding EDS
results presented in Figure 8. Spectrum #1 obtained
from the top surface layer only contains two chemical
elements, oxygen and antimony, corresponding to the
oxide Sb>Oy4. Spectrum #2 obtained in the lower part of
the oxide layer shows the elements cobalt, antimony,
and oxygen, matching with the identified mixture of
CoSb,04/Co0-Sb,0O3 and CoSb,0g. It is noticeable that
spectrum #2 also detects a low amount of ytterbium
representative of the inward growth of this mixture of
oxides.*” The oxidation of Yby,Co4Sb;, seems similar
to that of the skutterudite materials of the CoSbs family,
producing a surface oxide layer divided into two parts.
The upper part is made of a mixture of antimony oxides

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 8—EDS characterizations of the cross-section of Yby,Co04Sb;, after oxidation in air at 800 K for 1000 h (the corresponding positions are

pointed in Fig. 7).

Fig. 9—X-ray elemental mapping of the cross-section of Ybg,Co4Sb;, after oxidation in air at 800 K for 1000 h.

growing outwards and the lower part is made of a
mixture of cobalt antimonates growing inwards.®!

At last, an intermediate thin dark grey layer is present
at the interface between these two oxide layers. This
intermediate layer is too thin for an accurate EDS
characterization. However, the XRD pattern of
Figure 1 indicates a strong signal of CoSb,Oq after
1000 hours of oxidation treatment in comparison with
the shortest oxidation durations. Consequently, this
layer is undoubtedly made of CoSb,O4 formed at the
last step of the oxidation process as a result of a
secondary oxidation reaction. According to Godlewska
et al., this interface reaction is promoted by the diffusion
of oxygen through the upper oxide layer of Sb,O,4 to
reach the lower oxide layer to react with CoSb,O4 /
Co0-Sb,0;.2

The X-ray elemental mapping of Figure 9 confirms
the homogeneous elemental distribution within each
part of the oxide layer.

For comparison, the cross-section SEM images
obtained for CoSbs are presented in Figure 10. The
images show similar contrasts to those previously
observed for Yby,Co4Sb;,. However, during the first
times of oxidation (15 and 50 hours), the homogenecous
surface layer is only composed of the spinel oxide
CoSb,04/Co0-Sb,05 according to the XRD patterns of
Figure 2. The formation of the top surface layer made of
Sb,0,, and the formation of the intermediate layer made
of CoSb,0Og¢ start from 100 hours of oxidation and
continue until 1000 hours of treatment. In that case,
CoSb,0g is only formed at the interface of the two other
oxide la?/ers as a result of the secondary oxidation
reaction.*) Moreover, it is noticeable that the thick-
nesses of the oxide layers are not the same for
Yby,Co4Sb;, and CoSbs, despite identical experimental
conditions.
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Fig. 10—Cross-section SEM images (backscattered electrons) of
CoS; as a function of oxidation time in air at 800 K.

The thickness values are plotted for both skutteru-
dites in Figure 11 as a function of the oxidation time.
Until 100 hours of oxidation treatment, the thickness of
both oxide layers increases quickly but more in the case
of Ybg,Co4Sb,, reaching a value thrice that of CoSbs.
Next, both thickness variations are low until 1000 hours
of oxidation treatment. The thickness of the oxide layer
formed on CoSbs slightly increases, whereas the mass of
the sample slightly decreases as shown in Figure 5. This
observation means that, after 100 hours of treatment,
the oxidation process of CoSbs is slowed down and the
evaporation of chemical species becomes faster than the
formation of oxides. On the other hand, the thickness of
the oxide layer formed on Ybg,Co4Sb;, remains con-
stant, whereas the mass of the sample continues to
increase. This could be a result of the formation of
CoSb,0¢ whose diffraction peaks become higher after
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Fig. 11—Thickness of the surface oxide layer of Yby,CosSby, and
CoSbj; as a function of oxidation time in air at 800 K.

1000 hours of oxidation in the case of Yby,Co4Sbis
(Figure 1). According to reaction (3), CoSb,Og¢ is
produced by the incorporation of oxygen inside the
layer to react with CoSb,O,. Therefore, the mass of the
sample increases without any impact on the thickness of
the oxide layer.?”! This observation means that the small
amount of ytterbium and the corresponding crystal
lattice distortion continue to promote the incorporation
of oxygen inside the material, even after 1000 hours of
oxidation treatment.

Similarly, Xia et al. note that the filling atom
destabilizes the crystal structure of the skutterudite
materials, weakening the bonding that is easily broken
in oxidizing atmospheres.'¥ Therefore, the lifespan of
the skutterudite material is slightly reduced but remains
reasonable for thermoelectric applications. To mitigate
this negative impact, surface protection from a coating
could be considered. For example, a metallic coating
made of aluminide is established to be an efficient
oxidation protection for skutterudite materials.**
Besides, the skutterudite material Yby,CosSb;, has
powerful thermoelectrical properties and demonstrates
a great interest for industrial applications in oxidizing
environments.

IV. CONCLUSIONS

This work describes the oxidation behavior of
Ybg,Co4Sby, in air at 800 K for 15, 50, 100, and 1000
hours. An oxide layer made of several phases is
progressively formed on the surface of the skutterudite
material. The oxidation treatment induces a combina-
tion of both the formation and volatilization of various
oxides, impacting the mass variation of the skutterudite
material and the thickness of the formed oxide layer.
The presence of ytterbium makes the skutterudite more
oxidized because of the promotion of oxygen diffusion
throughout the crystal lattice. Nevertheless, the impact
on the oxidation degradation is moderate and
Yby,Co4Sbj, remains an interesting thermoelectrical
material usable under oxidizing environments. Surface

protection with a metallic coating made of aluminide
would be an interesting perspective to extend the
lifespan of the skutterudite material.
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