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Abstract
The electrochemical behavior of pure Co, pure Sb, and CoSb3 has been investigated over a large anodic potential range (0 to
40 V) in two acids, i.e., oxalic acid or sulfuric acid at different concentrations (0.01 to 1 M). Potentiodynamic polarizations
performed on CoSb3 plates reveal the possible formation of a passive layer between 1 and 3 V (vs SCE), on a passivation plateau.
The oxidation of CoSb3 at 2 V in sulfuric and oxalic acids results in the growth of an anodic conversion layer. This coating is
mainly made of a porous layer of amorphous antimony oxides due to dealloying of CoSb3. In the specific case of oxalic acid, rods
of crystallized oxalates are tangled between the oxide sheets.
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Introduction

CoSb3-based skutterudite compounds are promising thermo-
electric materials thanks to a high figure of merit ZT [1].
However, their sensitivity to thermal degradation under oxi-
dationmechanisms is a significant problem regarding their use
at high temperature [2–5]. Actually, the exposition of CoSb3
to air at operating temperatures (until 800 K) results in the
formation of a non-protective scale layer. The oxidationmech-
anism consists in a selective outward diffusion of antimony
and inward diffusion of oxygen. Consequently, the inner oxide
layer is mainly made of a mixed oxide CoSb2O4, and the outer
layer is made of a mixture of volatile antimony oxides Sb2O3

and Sb2O4. Depending on the temperature, an intermediate
layer of CoSb2O6 may also be formed.

The high rate of degradation of CoSb3, induced by the high
mobility of antimony through the oxide layer and the volatility
of antimony oxides (especially Sb2O3), limits the thermoelec-
tric devices durability.

A protective coating is therefore necessary to prevent the
oxidation reactions. At the same time, the thermoelectric

properties must be maintained. Therefore, a coating with ox-
ides seems to be the most judicious solution. Among the few
papers dealing with the formation of coatings, most of them
relate the use of physical vapor deposition [6–11]. A very
recent one describes the deposition of a glass coating by a
dipping technique [12].

In this framework, the formation of an oxide conversion
layer by surface anodizing represents an interesting alternative
to the methods usually considered. Actually, the anodizing,
consisting in the electrochemical oxidation of a sample in an
aqueous electrolyte, is a cheap and easy to use way of surface
conversion, even on pieces with a complex geometry. The
resulting layers are well adherent. To the best of our knowl-
edge, electrochemical anodizing of CoSb3 has never been
studied.

Therefore, this work aims at presenting for the first time
electrochemical conversion of CoSb3. For that purpose, two
acidic media have been chosen as electrolytes: sulfuric acid
(H2SO4) and oxalic acid (HOOC–COOH) [13–16].

In order to determine the most suitable anodizing condi-
tions, the electrochemical behavior of CoSb3 has been inves-
tigated over a wide range of potentials [17–20]. Furthermore,
in order to highlight the relative contribution of cobalt and
antimony regarding the behavior of the CoSb3 intermetallic
phase, the electrochemical study has also been carried out on
pure metallic cobalt and pure metallic antimony for compari-
son. The mechanism of the conversion layers formation has
been explained by combining electrochemical results on the
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one hand and morphological and composition characteriza-
tions by scanning electron microscopy and X-ray diffraction
on the other hand.

Material and methods

Materials

Pure cobalt plates (99.5%, 3 mm thick) were provided by
Goodfellow. Pure antimony plates were prepared by melting
pure antimony pieces in an alumina crucible placed in amuffle
furnace and casting into an appropriate mold (10 × 3 ×
0.3 cm3).

CoSb3 alloys were prepared from pure Co (99.99%, Strem
Chemicals) and pure Sb (99.999%, Chempur), by melting in a
vitreous carbon crucible positioned in a quartz tube under
partial Ar pressure. After an optimized thermic cycle, the
resulting ingot was reduced into powder and densified under
vacuum by spark plasma sintering (SPS) at 630 °C during
10 min under 50 MPa in a commercial system (SPS Syntex
515S). Cylindrical samples (10 mm diameter, 3 mm thick)
were finally obtained.

All samples were ground with SiC paper until 1200 grit
before electrochemical investigation.

Electrochemical studies

The anodic behaviors of pure Co, pure Sb, and CoSb3 were
comparatively investigated in two acidic media, i.e., sulfuric
acid (H2SO4) and oxalic acid (HOOC–COOH) in concentra-
tions varying between 0.01 and 1 M. Metallic plates (Co, Sb,
CoSb3) were mounted as a working electrode at the bottom of a
classic Bthree-electrode cell^ (circular active area, 0.5 cm2),
facing to a platinum disk. A Saturated Calomel Electrode
(SCE) was used as a reference electrode, and all potentials will
be given versus this reference. Potentiodynamic polarizations
were performed with a scan rate of 40 mV s−1 over the range 0
to 50 V by using the dedicated potentiostat Modulab HV100.

Conversion layers were formed by applying 2 V during
60min on CoSb3 substrate in sulfuric acid and oxalic acid 0.1M.

Morphological and structural characterization
of the conversion layers

The surface morphology of the grown conversion layers was
observed from secondary electron (SE) images obtained with
a field emission gun scanning electron microscope (FEG-
SEM, HITACHI S-4800). Moreover the cross sections of the
samples were observed from backscattered electron (BSE)
images after polishing with an argon ion (Ar+) beam produced
by a cross-sectional polisher (JEOL, IB-09010CO). Punctual
elemental compositions of the coatings were evaluated semi-

quantitatively by energy dispersive spectroscopy (EDS), and
EDS maps of O, Sb, and Co were recorded.

The crystalline structure of the anodic layers was assessed
by X-ray diffraction (XRD) with a Philips X’pert pro diffrac-
tometer using a monochromatic CuKα radiation (λ =
0.15406 nm). The patterns were collected from 2θ = 10° to
100° with a step of 0.033°. The structures are identified from
the diffraction file provided by the International Centre for
Diffraction Data (ICDD).

Results

Electrochemical behavior

The potentiodynamic polarization curves obtained for the Co,
Sb, and CoSb3 samples immersed in H2SO4 solutions in dif-
ferent concentrations (0.01, 0.1, and 1 M) are displayed in
Fig. 1a–c, respectively.

Regarding the anodic polarization of pure Co (Fig. 1a), the
values of the current densities highly depend on the electrolyte
concentration. As revealed by the linear evolution of the cur-
rent density over all the potential range, the electrochemical
interface obviously behaves as a purely resisting system in the
lowest concentrated medium. Regarding the electrochemical
behavior in H2SO4 0.1 and 1 M, three stages can be distin-
guished: Actually, in both cases, the linear evolution of the
current density is interrupted by a Bpseudo passivation pla-
teau,^ between 1 and 2 V in H2SO4 1 M and between 1 and
7 V in H2SO4 0.1 M. The current densities on the Bplateau^
remain relatively high, around 50 mA cm−2, which means that
this Bpassivation state^ does not correspond to the formation
of a highly blocking conversion layer. Outside the narrow
passivation ranges, the current density, corresponding to Co
oxidation and dissolution into Co2+, is limited by the conduc-
tivity of the electrolytic medium. Therefore, the slope in-
creases with the electrolyte concentration.

Whatever the electrolyte concentration, the anodizing of
pure Sb (Fig. 1b) leads to the formation of an insulating barrier
film over the explored potential range 0–40 V, as revealed by
the current densities remaining very low. This observation is
in good agreement with previous studies performed in various
media, over narrower potential ranges [13–16].

The anodic behavior of CoSb3 is similar to this of pure Sb
until 3 V (Fig. 1c) and seems to be independent of the elec-
trolyte concentration. A first passivation state is actually ob-
served, with very low current densities between 1 and
5 mA cm−2. The electrochemical interface then undergoes a
modification and obviously reaches a second passivation state
beyond 8 V, less blocking than the first one as shown by the
current densities more than one order of magnitude higher,
between 50 and 80 mA cm−2. Therefore, forming a barrier
layer on CoSb3 at low potential seems to be more judicious.
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And since the first passivation plateau is the longest in 0.1 M
H2SO4, this concentration appears as the most appropriate and
will be taken as a reference thereafter.

In comparison with sulfuric acid, oxalic acid seems to in-
duce little change in the anodic behavior of Co, Sb, and CoSb3
(Fig. 2). Co undergoes high dissolution rate, and high current
density levels are reached already at low potentials (Fig. 2a).

Sb passivates with passivation current values remaining very
low over the scanned potential range (Fig. 2b). CoSb3 exhibits
two different passivation stages (Fig. 2c), a first below 3 Vand
a second with higher current density values beyond 8 V. In
both electrolytes, the electrochemical behavior observed on

Fig. 2 Potentiodynamic polarization curves recorded at 40 mV s−1 in
H2SO4 and HOOC–COOH 0.1-M solutions: pure Co (a), pure Sb (b),
and CoSb3 (c)

Fig. 1 Potentiodynamic polarization curves recorded at 40 mV s−1 in
H2SO4 solution with different concentrations: pure Co (a), pure Sb (b),
and CoSb3 (c)
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Sb and CoSb3 is similar between 0 and 3 V. Indeed, the current
densities remain very low, below 10 mA cm−2 and, in the
specific case of polarization in oxalic acid, a first oxidation
Bpeak^ between 0 and 1 V precedes the first passivation.

According to the electrochemical study related above, the
potential range of interest for the formation of a highly pas-
sivating conversion layer on CoSb3 is confined between 1 and
3 V whatever the considered electrolyte. Therefore, the
growth of the anodic layers was performed by applying 2 V
during 60 min.

The resulting chronoamperometric curves are displayed in
Fig. 3. During the 6 first minutes, the current density is stable
at a value of around 5 mA cm−2, consistently with the passiv-
ation current measured throughout the voltamperometric study
(Fig. 2c). Then, the current density slightly increases concomi-
tantly in both electrolytes until reaching 12 mA cm−2 after
10 min of potentiostatic treatment. The next step in the anodiz-
ing process depends on the nature of the acid from the electro-
chemical point of view. Whereas the current density in oxalic
acid rapidly stabilizes after a maximum at 8 mA cm−2, its rising
continues in sulfuric acid until 30 min of treatment. During the
last 30 min of anodic oxidation, the current density remains
quasi-constant between 32 and 37 mA cm−2, namely in the
magnitude order of the value measured on the Bsecond passiv-
ation plateau^ observed beyond 7 V throughout the
voltamperometric study (Fig. 2c).

Morphology and composition of the conversion layers

The morphology of the conversion layers grown by
potentiostatic anodic polarization (2 V, 60min) in sulfuric acid
or oxalic acid is shown in Figs. 4 and 5, respectively. In both
cases, conversion products obviously cover the CoSb3 metal-
lic substrate (Figs. 4a, b and 5a, b). According to cross-
sectional micrographs (Figs. 4c and 5c), the layer grown in
sulfuric acid is about 20 μm thick, and the one grown in oxalic

acid is 40 μm thick. In both cases, the inside of the layer
appears highly porous. More precisely, as evidenced by high
magnification images (Figs. 4d and 5d), numerous cracks are
homogenously dispersed within the layer, lying parallel to the
substrate surface. This results in a laminated aspect of the
coating inside (Figs. 4c and 5c) and a powdered aspect of
the conversion products on surface (Figs. 4a, b and 5a).

Regarding the composition of the conversion products
formed in sulfuric acid, EDS analyses performed on the cross
section (Fig. 4c) reveal the presence of Sb and O and a small
amount of S, but no Co could be detected. However, accord-
ing to XRD pattern (Fig. 6), no supplementary crystallized
phase could be identified in comparison with untreated
CoSb3 substrate. Consequently, the conversion products likely
consist of amorphous antimony oxides on which sulfates
adsorb.

In the specific case of anodizing in oxalic acid, besides the
porous-exfoliated Bmatrix^ (Fig. 5c), nanosized rods can be
distinguished on the extreme surface (Fig. 5b) and in the
interfoliar spaces of the cracked layer (Fig. 5d). Unlike the
homogeneous contrast observed on the anodic layer grown
in sulfuric acid (Fig. 4c), the porous network formed in oxalic
acid seems to exhibit different chemical properties (composi-
tion, hydration level) or different physical properties (density).
Actually, according to EDS analysis (Fig. 7), only Sb and O
elements could be identified whatever the considered area of
the Bmatrix,^ with obviously a less amount of Sb in the upper
part of the antimony oxide layer. The corresponding antimony
oxide remains mainly not or poorly crystallized and therefore
are not detected in the relative diffraction pattern (Fig. 6).

Nevertheless, a crystalline phase could be identified in this
diffraction pattern as Sb(C2O4)(OH) [21]. This phase could
correspond to the nanosized rods. Indeed, by EDS analysis
of the areas rich in tangled sticks and in the outermost part
of the conversion layer, relative high level of O and C, asso-
ciated with Sb (lower content than in the oxide Bmatrix^)
could be evaluated. Co was also detected in these specific
areas, indicating a probable presence of cobalt oxalate or co-
balt hydroxy-oxalate.

Discussion

In the present work, the electrochemical conversion of CoSb3
intermetallic phase has been investigated in acidic media in
comparison with pure Co and Sb. The electrochemical study,
carried out over a wide potential range (0–40 V), has shown
that the behavior of the considered intermetallic phase CoSb3
is close to the one of pure Sb, with current densities remaining
low regarding the values reached during the oxidation of pure
Co. Actually, outside a restricted potential range, Co un-
dergoes oxidation into Co2+ with a the dissolution rate limited
by the conductivity of the medium. On the Bpseudo

Fig. 3 Chronoamperometric curves recorded during polarization of
CoSb3 at 2 V in H2SO4 and HOOC–COOH 0.1-M solutions
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passivation plateau,^ even in optimal acidic concentration
conditions (0.1 M, giving the longest plateau (0–7 V)), the
current density is one order of magnitude higher on Co than
on Sb or CoSb3.

Consequently, as confirmed by EDS analysis, the
potentiostatic anodizing of CoSb3 at 2 V results in the
formation of an amorphous oxide layer containing only
Sb due to the selective dissolution of Co on the one
hand and selective anodizing of Sb on the other hand.

This phenomenon corresponds to a dealloying of the
starting CoSb3 intermetallic phase. Numerous examples
of dealloying can be found in the recent literature,
leading most of the time to the formation of a nano-
structured metallic network [22–24], as a consequence
of the selective dissolution of one element. But few
references deal with the formation of simple oxide on
alloys by dealloying under the effect of anodic polari-
zation [25, 26].

Fig. 4 Surface (a)(b) and cross-
sectional (c)(d) SEM observa-
tions of conversion layers grown
by anodic polarization (2 V,
60min) of CoSb3 in H2SO4 0.1M

Fig. 5 Surface (a)(b) and cross-
sectional (c)(d) SEM observa-
tions of conversion layers grown
by anodic polarization (2 V,
60 min) of CoSb3 in HOOC–
COOH 0.1 M
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In the present case, the antimony oxide Bmatrix^
resulting from the anodizing of CoSb3 intermetallic
phase is as expected highly porous, as shown by SEM
images. According to the potentiodynamic studies, the
electrochemical behavior of CoSb3 differs from the one
of pure Sb beyond 4 V whatever the electrolyte and its
concentration.

Actually, due to the undergone dealloying, the anod-
ized layer grown on CoSb3 suffers from a lack of ma-
terial regarding the one grown on pure Sb, and a local

atomic rearrangement is necessary. The induced local
mechanical stress may be accommodated until a critical
thickness. Then, the oxide layer cracks. This critical
thickness seems to mark the starting point of a second
anodizing stage, characterized by a higher (one order of
magnitude) but constant current density.

On this second Bpassivation plateau,^ the main part of the
current can be likely assigned to water oxidation (in competi-
tion with the oxide formation), whose rate is limited by the
diffusion of the generated oxygen through the conversion

Fig. 6 XRD patterns of CoSb3
substrate and CoSb3 anodically
polarized (2 V, 60 min) in H2SO4

and HOOC–COOH 0.1 M,
respectively

Fig. 7 Cross-sectional analysis of
a conversion layer grown by
anodic polarization (2 V, 60 min)
of CoSb3 in HOOC–COOH
0.1 M: BSE (a), EDS maps of O
(b), Sb (c), and Co (d)
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layer. Moreover, oxygen bubbling can contribute to the poros-
ity of the oxide network.

In the conditions of potentiostatic oxidation of CoSb3
in sulfuric acid at 2 V, the critical conditions of the film
breakdown seems to be reached after 6 min of anodic
polarization. Then, the anodizing regime seems to be
similar to the Bhigh potential^ anodizing regime of
CoSb3, according to the very similar current density
values.

In the specific conditions of anodizing performed in oxalic
acid, the cracking of the oxide matrix obviously occurs at the
same time as in sulfuric acid. Similarly, the current density
starts increasing, as a consequence of water oxidation en-
hancement and metallic dissolution acceleration. Due to me-
tallic ions accumulation in the confined areas, the solubility
constants of oxalate hydroxides are exceeded. Oxalate hy-
droxides precipitate in the porosities within the oxide layer
and on the surface, as observed on SEM images. Indeed, the
corresponding rods have been identified by combining EDS
and XRD analyses.

These entangled rods therefore fill the porosities of the
oxide matrix, limiting the diffusion of oxygen through the
oxide layer, and as a consequence the water oxidation rate.
In sulfuric acid, the current density increase after the mechan-
ical breakdown of the oxide layer is precisely due to the in-
crease of the water oxidation, in competition with the anodic
layer formation. The precipitation of oxalate prevents from
this water oxidation intensification, and the current density
remains therefore low during the potentiostatic polarization.
Moreover, the antimony oxide matrix is protected from alka-
line dissolution, and the anodized layer grown in oxalic acid is
thicker than the one grown in sulfuric acid.

Finally, according to the chemical nature of the anodic
layers grown (simple antimony oxide) and their high level of
porosity, they cannot be considered as potential protective
barrier against high temperature oxidation.

Conclusions

Electrochemical conversion layers were formed and investi-
gated for the first time on CoSb3 thermoelectric material.
Chemical and electrochemical parameters directly influence
the growth and the properties of the passivating layer. In sul-
furic and oxalic acid, the dealloying of CoSb3 intermetallic
phase induces the growth of a porous and amorphous simple
antimony oxide. In presence of oxalic acid, nanosized sticks of
metallic oxalate hydroxides precipitate within the cracks and
on the surface of the antimony oxide network.
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