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The oxidation behavior of filled skutterudites Yb,Co4Sb;s was investigated.
The overall oxidation of Yb,Co4Sb;2 consists of two stages. In the first stage,
densified oxide layers form on the surface gradually due to the reaction
between oxygen and skutterudite at high temperature. In the second stage,
microcracks evolve in the oxide layers because of mismatch of coefficient of
thermal expansion between the oxide layer and skutterudite matrix, which
accelerates the oxidation by providing transport paths for both outside oxygen
and inside Sb. The overall oxidation process can be described through the
repetitive cycle: dense layer formation — stress release — microcrack formation
— self-repair — dense layer formation. The oxidation activation energy of
filled skutterudites determined using thermogravimetry method with multi-
heating rates is lower than that of unfilled CoSbs. Moreover, it was found that,
with increasing Yb filling fraction, the oxidation activation energy decreases
monotonically. Our results suggest that protection against oxidation is

necessary for application of filled skutterudites.
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INTRODUCTION

Recently, thermoelectric materials have attracted
considerable interest because of their potential
applications in power supply and sustainable
energy management.'® The thermoelectric figure of
merit (Z7) is an important parameter in evaluating
thermoelectric materials. It determines the conver-
sion efficiency of thermoelectric devices, with high
ZT being favorable for high conversion efficiency.
However, the durability of thermoelectric materials
under operating conditions also has to be considered
in real, long-term operation scenarios.

CoSbs-based filled skutterudites are some of the
most promising thermoelectric materials for opera-
tion at elevated temperature. In the past decade,
various filled R,Co4Sb,2 compounds have been syn-
thesized,*® with a maximum ZT value of 1.7 being
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reported.'® However, the question of long-term
stability in real applications has not been well stud-
ied so far, and deep understanding of this issue is
lacking, for example, the impact of fillers and filling
fraction on thermal stability, etc. Because most of the
fillers are alkali, alkaline-earth, or rare-earth ele-
ments which have high oxygen affinity, the thermal
stability of filled skutterudites at elevated tempera-
ture in air could be significantly reduced. Moreover,
the enlarged Co4Sbs framework and increased lat-
tice parameter resulting from filling could influence
the chemical bonds between Co and Sb atoms'! as
well and thus affect the oxidization behavior of
skutterudites. Therefore, clear understanding of the
impact of fillers and filling fraction on thermal
stability is necessary and urgently needed for
application of filled skutterudites.

Antioxidation ability is one of the most important
factors to evaluate the thermal stability of filled
skutterudites considering their high operation tem-
peratures.'> " Generally, antioxidation capability
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can be described using the oxidation activation
energy (E,), where larger E, indicates greater sta-
bility against oxygen. In this paper, the oxidation
behavior of filled skutterudites Yb,CosSbis with
different filling fractions (y = 0, 0.2, 0.3, and 0.4)
and at different temperature ranges was systemat-
ically studied. The thermogravimetry method
with multi-heating rates was used to calculate E.,.
Our results show that the overall oxidation of
Yb,Co4Sbyo consists of two stages with different
oxidation mechanisms and moreover that E, decreases
with increasing Yb filling fraction, revealing the
degraded antioxidation ability of filled skutteru-
dites.

EXPERIMENTAL PROCEDURES
Synthesis

High-purity raw materials Yb (ingot, 99.99%), Co
(bulk, 99.985%), and Sb (shot, 99.9999%) were
weighed out at designed atomic ratios and sealed in
evacuated quartz ampoules with coated carbon. The
sealed ampoules were slowly heated up to 1350 K
and kept for 10 h, then quenched in a water bath
and annealed at 1073 K for 7 days. The ingots were
ground into fine powder (160—200 mesh), and bulk
samples with relative density greater than 95%
were achieved by 10 min to 15 min spark plasma
sintering (SPS) at 873 K. The phase purity of the
samples was checked by x-ray diffraction (XRD,
Rigaku, Rint2000) and electron probe microanalysis
(EPMA, JEOL, JXA-8100) with energy-dispersive
spectroscopy (EDS). All powder and bulk samples
were identified as having single-phase cubic
Co4Asqo skutterudite structure.

XRD, EPMA, and SEM Analyses

Yb,CosSb12 powder samples (160—200 mesh) were
heated from room temperature to the assigned oxi-
dation temperature (650 K, 750 K, 800 K, 850 K,
900 K, and 923 K) with heating rate of 5 K/min, and
then cooled down to room temperature. XRD was
used to check the oxidation products. For Yb,Co4Sb;2
bulk samples, the corresponding oxidation tempera-
tures were 750 K, 800 K, and 900 K, respectively.
Microstructure and compositional analysis were
carried out on oxidized samples using SEM and EDS.

Thermogravimetry and Derivative
Thermogravimetry Measurements

Thermogravimetry (TG) and derivative thermo-
gravimetry (DTG) analysis on Yb,Co,Sby, powder
samples were performed on a thermal analysis
instrument (TGS-2A) in static air with heating rates
p of 5 K/min, 10 K/min, and 15 K/min, respectively.
The same batch of powder was used for both
TG/DTG and XRD testing to ensure reliable results.
For comparison, a 5 K/min heating rate corresponding
to the oxidation process was used in the XRD analysis.
The amount of sample for each measurement was
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200 mg, and the measurement temperature ranged
from 300 K to 923 K. The system was calibrated
without a sample loaded using the same heating
procedure prior to the experiments. Reproducibility
was ensured by multiple measurements at the same
heating rate.

RESULTS AND DISCUSSION

All our measurement (XRD, EPMA, SEM, and
TG/DTG) showed similar oxidation behavior for
samples with different Yb filling fractions, so
Ybg 3C04Sb1 is used as a typical example to discuss
the oxidation process below.

Figure 1 shows the XRD patterns for the Ybg 3.
Co4Sb1s powder sample after oxidation at different
temperatures. For the sample with oxidation tem-
perature below 650 K, no oxide was observed in the
XRD pattern. The diffraction peaks of SbyO3 appear
as the temperature increases to 750 K, and peak
intensity is greatly enhanced for sample oxidized at
800 K. Above 800 K, more oxides such as YbyOs,
Sb203, OC-Sb204, ﬁ-Sb204, COSb204, and COSb206
appear, with no further new oxides being observed
in the XRD patterns at oxidation temperatures
above 900 K. Compared with oxidation of unfilled
Co4Sbyo, the only difference is the generation of
YbyO3 in Yb-filled samples. The observation of the
same relationship between oxidation temperature
and oxide phases in samples with different Yb filling
fractions indicates that they have similar oxidation
mechanisms. From the phase diagram, Co,Sb;o is
stable below the peritectic decomposition tempera-
ture (1147 K), which is much higher than the max-
imum oxidation temperature (923 K) used in our
experiment, so we consider the reaction of skutter-
udite with oxygen to be the main reason for the
formation of oxide phases, rather than skutterudite
decomposition.
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Fig. 1. XRD patterns for Yby 3C04Sb1> powder samples oxidized at
different temperatures with main peaks of oxides marked.
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Fig. 2. Backscattered electron images for Ybg 3C04Sb1 filled skutterudites: (a) without oxidation, (b—d) after 3 h oxidation in air at 750 K, 800 K,
and 900 K, and (e, f) cross-section views of samples in (c) and (d).

The morphology and microstructure of oxidized
Ybg 3C04Sbyo bulk samples were examined by SEM.
As shown in Fig. 2a, the original sample is single
skutterudite phase with all elements distributed
homogeneously in the matrix. After oxidation at
750 K for 3 h in air, many gray areas evolved on the
sample surface (Fig. 2b), being identified as oxygen-
rich phase by EDS and suggesting the presence of
oxides. From Fig. 2¢ and the corresponding cross-
section image in Fig. 2e for the sample oxidized at
800 K for 3 h, it is clearly seen that a dense layer is
formed on the sample surface. The composition of
the layer is identified as 17.3 at.% Co, 40.1 at.% Sb,
0.8 at.% Yb, and 41.8 at.% O. Microcracks are also
found in this oxide layer, which we believe to be
generated due to the mismatch of coefficient of
thermal expansion (CTE) between the oxide layer
(e.g., Sby03:19.7 x 10 K1 Yby04:6.1 x 10 ¢ K !
at room temperature) and Yb,Co,Sb;s skutterudite

matrix (9 x 107 K 1 t0 10 x 107 K 1.'%1° On the
other hand, the accelerated penetration of oxygen
into bulk material as a result of the microcracks
leads to continuous growth of the oxide layer.
Meanwhile, further sublimated Sb from inside the
skutterudite can form Sb-containing oxides on top of
the first oxide layer, promoting the formation of a
bilayer oxidation structure as shown in Fig. 2d, f.2°
In addition, the unstable SbyOs3 in the first layer
would decompose into Sb,O, and Sb at high tem-
perature.?! This part of Sb can also diffuse through
the first oxide layer and react with oxygen, which is
believed to be another reason for the formation of
the outer oxide layer.

TG curves for Ybg 3C04Sbis powders at different
heating rates are shown in Fig. 3. Here, the relative
change of total weight (AW) is defined as (W — Wy)/W,
with W the weight during oxidation and W, the
initial weight. At temperature below 700 K, AW is
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Fig. 3. TG curves for Ybg 3C04Sb, with different heating rates in air:

(a) 5 K/min, (b) 10 K/min, and (c) 15 K/min. Dashed line marks AW
of 0.0107 and 0.0473, respectively.
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Fig. 4. DTG curves for Ybg3C04Sb¢, in air with different heating
rates: (a) 5 K/min, (b) 10 K/min, and 15 K/min.

almost unchanged, consistent with previous reports
that oxidation of CoySbio starts at temperature
above 673 K in air.'®'” As the temperature goes
above 700 K, AW increases significantly, which is
related to the increase of oxidation products.

The corresponding DTG curves for Yby3C04Sb1o
powders with different heating rates are shown in
Fig. 4. Two peaks at temperature above 700 K are
observed for heating rate of 5 K/min. Combined
with the previous XRD and SEM analysis, this
indicates that there are two oxidation stages with
different mechanisms involved in the process. At the
beginning of the first stage, the oxidation rate
increases as the temperature increases, corre-
sponding to the raised part of the DTG curve. This is
due to the continuous, fast reaction between oxygen
and skutterudite. As densified oxide layers form on
the sample surface, oxygen penetration is sup-
pressed, which correspondingly leads to an evident
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DTG reduction after the first peak. In addition, the
formation of new oxides at temperature above 800 K
may also block oxygen penetration and slow down
the oxidation process. In the second stage, as the
temperature is further increased, microcracks
evolve in the densified oxide layers due to release of
the large stress generated by the CTE mismatch
between the oxide layer and skutterudite matrix.
Then, the suppressed oxidation process will recover
due to accelerated transport of oxygen and Sb
through the cracks. Meanwhile, Sb sublimated
through these cracks could continue to react with
penetrated oxygen. Formation of new oxides will
gradually fill the cracks and cause oxidation sup-
pression again through this self-repair behavior
(Fig. 2d, f). This is confirmed by the DTG decrease
after reaching the second peak. As the temperature
is further increased, the oxide layer will continue to
grow. Stress accumulates and leads to the appear-
ance of microcracks when the newly formed oxide
layer grows thick enough. The whole oxidation
process of Ybg 3Co4Sbqo in air can be described by
the following repetitive cycle: dense layer forma-
tion — stress release — microcrack  forma-
tion — self-repair — dense layer formation.

Besides temperature, oxidation time is another
important factor affecting the oxidation cycle men-
tioned above. From Fig. 4 we can see that the
number of peaks in the DTG curve increases with
decreasing heating rate. This implies that more
oxidation cycles happen at lower heating rate,
which means longer oxidation time on the other
hand. In this case, thicker oxide layer and more
accumulated stress would cause more microcracks
to be generated, which can be confirmed by
extending the oxidation time of Ybg 3C04Sb; bulk as
shown by the results in Fig. 5 (for 7 h at 900 K). It is
easy to see that there are more Sb-oxide particles on
the surface compared with the sample oxidized for
3 h at the same temperature (Fig. 2d). These par-
ticles mainly accumulate in microcrack areas. It can
be found from Fig. 5b that the microcracks have
already spread into the Ybgy3Co4Sbs matrix. The
thicker oxide layer near the microcracks indicates
more active oxidation around these areas due to
enhanced diffusion of oxygen and Sb through these
microcracks. One can also see a long crack under-
neath the oxide layer in Fig. 5b, which may be
caused by the large stress arising from the CTE
mismatch between the skutterudite and oxide lay-
ers. Through such cracks, oxygen can easily pene-
trate into the inner part of the bulk and further
deteriorate the skutterudite.

Based on TG and DTG measurements, E, can be
calculated by the thermogravimetry method with
multi-heating rates. This method has been exten-
sivelg used in other systems (e.g., superconduc-
tors)*>23 but has never been applied in thermoelectric
materials. The advantage of this method is that one
does not have to know the exact chemical reaction or
reaction time. In the present study, we assume that
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Fig. 5. Backscattered electron images for Ybg 3C0,Sb+, oxidized in air for 7 h at 900 K: (a) surface view and (b) cross-sectional view. Sample is
tilted in (b) for observation of both surface and cross-section.

the oxidation of Yb,Co4Sby; filled skutterudites obeys
the Arrhenius equation

pO%_ ABIRTf (o). 8
dt

where [ is the heating rate, do/d¢ is the reaction
rate, A is the pre-exponential factor, which is nor-
mally taken as constant, R is the gas constant,
and T represents the absolute temperature. o =
W, — Wo)(W, — Wy) is the fractional weight,
where W is the sample weight at infinite time after
reaction completion. o) is a function of o, and the
expression depends on the oxidation mechanism.
Equation 1 can be rewritten as follows by taking the
natural logarithm of both sides:

d .
1n(ﬁd—i‘) = In(A -f(2)) —%-%. 2)

Replacing o with (W, — Wo)/(W_, — W), we have

In(ﬂ%) =In(A () - % -%Jr In(Ws — Wo).
3)

Here, pdW,/d¢ is given by the DTG values, so the
equation can be rewritten as

In(DTG) =In(A - f(a)) — % - % +1In(Wy — Wy), (4)
where In[A-f{o)] and In(W,, — W) are assumed to be
constant and independent of temperature. E /R is
the slope of In(DTG) versus 1/T.

Two examples are given in Fig. 6. With given
AW, =0.0107, In(DTG) versus 1/T is obtained by
fitting three TG curves in Fig. 3 with corresponding
temperatures, DTG values, and heating rates of:
737.1 K, 0.245 mg/min, and 5 K/min; 748.3 K,
0.395 mg/min, and 10 K/min; and 773.4K,
0.758 mg/min, and 15 K/min, respectively. Thus, E,
is calculated to be about 144 kdJ/mol in the temper-
ature range from 737.1 K to 773.4 K. With given
AWy = 0.0473, we get E, of 113 kd/mol at tempera-
tures from 799.1 K to 837.9 K. Using the same
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Fig. 6. In(DTG) as a function of 1/T for Ybg 3C04Sb1» at AW of 0.0107
and 0.0473, respectively.

method, E, for the Ybg 3C04Sb1s sample at different
temperature ranges was calculated and is listed in
Table I, with values around 140 kdJ/mol to 150 kd/
mol at temperature below 800 K, and 105 kJ/mol to
115 kd/mol at temperature above 800 K. This
decrease at high temperature could be attributed to
different oxidation mechanisms. For temperatures
below 800 K, oxidation areas grow slowly from spots
to dense layers with high activation energy and low
oxidation speed, whereas the formation of new oxi-
des and generation of microcracks at temperature
higher than 800 K decrease the activation energy
and speed up the oxidation.

Calculated E, values for all Yb,Co4Sb; with dif-
ferent Yb filling fractions at different temperature
ranges are shown in Fig. 7. For unfilled Co4Sbqs, E is
about 170 kJ/mol and almost independent of tem-
perature, which is consistent with the reported value
of 160 + 21 kJ/mol obtained by the isothermal oxi-
dation method.'® The obvious decrease of E, as the
filling fraction increases suggests that samples with
higher Yb content are more easily oxidized in air.
This is understandable considering the high oxygen
affinity of Yb atoms and the weak bonding of Yb to the
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Table I. Oxidation activation energy calculation for Ybo 3C0.Sb;>

5 K/min 10 K/min 15 K/min
AW T (K) DTG T (K) DTG T (K) DTG E, (kJ/mol)
0.0107 737.1 0.245 748.3 0.395 773.4 0.758 144
0.0157 751.1 0.322 761.7 0.527 785.1 0.931 148
0.0221 766.9 0.435 777.6 0.711 798.3 1.122 148
0.0473 799.1 0.712 817.4 1.268 837.9 1.569 113
0.0745 833.2 0.739 847.6 1.222 876.9 1.680 108
180 fast oxidation of skutterudite, contributing eventually
] to the formation of a bilayer oxide structure.
wl The overall oxidation can be described through
B the repetition of: dense layer formation — stress
ol . L - release — microcrack formation — self-repair —
~ . dense layer formation. The filled skutterudites have
g lower activation energy E, than unfilled Co,Sbqs.
S 120 - * With increasing Yb filling fraction, E, decreases
=, - x monotonically. The high oxygen affinity of Yb and
< 00 - the weak bonding between Yb and the CosSbis
s 700 K~800K framework are the main reasons for the low E, in
80 |- * S00K~900K 'E YbyCO4Sb12 ﬁlled Skutterudites.
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Co4Sbys framework, which reduce the stability of
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CONCLUSIONS

The oxidation behavior of filled skutterudites
Yb,Co,4Sbyg in air is studied. Yb,Co4Sb;5 oxidation
starts at temperature above 650 K. The oxidation
process consists of two stages at different tempera-
ture ranges. Firstly, dense oxide layers composed
of Yb203, szOg, O(-Sb204, /))-Sb204, COSb204, and
CoSby0g are formed on the sample surface, blocking
further penetration of oxygen into the bulk. Sec-
ondly, microcracks appear in the oxide layers and
skutterudite matrix due to the CTE mismatch.
Accelerated oxygen diffusion leads to continuous,
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