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Abstract

Several oxidation protective coatings, both glass-based and ceramic/polymer hybrid coatings, for p-
and n-type thermoelectrics were designed at the Politecnico di Torino in recent years, and they were
characterised and tested under relevant conditions. The “glass-ceramic route” to obtain a thermo-

mechanical compatible and high-temperature resistant coated thermoelectric is discussed with some
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examples. Oxidation tests demonstrated the effectiveness of the coatings for the protection of both n-

and p-type thermoelectrics.
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1. Introduction

The increasing amounts of electricity are consumed in everyday life, its high cost and the
environmental impact of fossil-fuels are guiding research towards alternative energy sources and
represent one of the main challenges of the 21% century [1]. The need for sustainable and renewable
energy is driving research on the development of new thermoelectric materials (TES) with exceptional
properties such as low thermal conductivity, high electrical conductivity and a large Seebeck

coefficient, that are able to more efficiently generate electricity from waste heat [2,3].

A crucial issue in the application of thermoelectric substrates in waste heat recovery is their stability
and oxidation resistance over time at high temperatures. Most of the high-performance TEs, such as
tellurides and silicides, are oxidised at high temperature in air. In particular, some MnSi-based
thermoelectric devices are used at relatively low temperatures (<500°C) to avoid this degradation
[4,5]. However, if they could be used at higher temperatures, their efficiency would increase. Some
attempts to solve this critical aspect, concern their full encapsulation within stainless-steel containers,
in vacuum or filled with an inert atmosphere [6], or with a silica aerogel [7], but this increases
considerably the cost of the devices. Different metallic coatings have been investigated [8-12], but
their high electrical conductivity resulted in a lower heat to electricity conversion efficiency.
Whatever the coating, it should meet the following requirements: (1) chemical stability against TE
materials, (2) thermal stability at operating temperatures, (3) CTE matching with TE material, where
the interface should possess good compatibility, withstand stress during thermal cycling, and (4) have

no significant effect on system performance [13].



Glass-ceramic and glass-based coatings are potentially optimal candidates for protecting
thermoelectrics against oxidation. Firstly, they soften and flow above their glass softening
temperature (Ts). Furthermore, they are easy to manufacture, and thermally stable with low electrical
and thermal conductivity thanks to the versatility of their compositions and properties. They are
excellent candidate materials as low-cost protective coatings. In fact, some of their characteristic
properties can be tailored to make them suitable for coating different types of substrates and to satisfy
the requirements in terms of thermo-chemical stability and thermo-mechanical compatibility with
other materials. In particular, the coefficient of thermal expansion (CTE) must be as close as possible
to that of the materials to be coated, thus avoiding residual stresses at the thermoelectric/coating
interface. Since the composition of the original glass influences the properties of the glass-ceramic
obtained after a sinter-crystallization heat treatment, it is important to know the effect that the
different constituent oxides have on the amorphous network and on the crystalline phases formed
during the devitrification process, thus predicting some thermal (glass transition temperature, Tg,

softening point, Tsoft, melting), functional and thermo-mechanical (CTE) properties [14].

There is a growing body of literature that recognises the importance of glass-based oxidation
protective coatings for both n- and p-type thermoelectric devices [4,15-17]. In this paper a short
overview of different oxidation protective coatings is presented, discussing a different type of coating
for each thermoelectric studied: magnesium silicide-based material (Sb-doped Mg2(Si,Sn),
Mg2Sio.487SN0.5Sho.013) and titanium suboxide (TiO2) as n-type TE; higher manganese silicide,

(HMS, MnSi174) and Zn-doped Tetrahedrite (Zn-doped THD, Cui15Zno5SbaS13) as p-type TE.
2. Materials and methods

2.1 TE substrates synthesis
The thermoelectric powders of Sb-doped Mg2(Si,Sn), HMS and Zn-doped THD were synthesized by

a high-temperature calcination method and densified using a spark plasma sintering (SPS) furnace



(HPD25/1, FCT Systeme GmbH) with different sintering conditions depending on the type of

thermoelectric substrate:
e 720°C/50 MPa/3 min for magnesium silicide based thermoelectric [18]
e 1000°C/50MPa/3 min for higher manganese silicide [4]
e 400°C/50 MPa/5 min for Zn-doped Tetrahedrite[19]

On the other hand, TiO2.x samples were synthesize starting from TiO2 and TiC powders and sintering
at 1300°C under flowing N2, using a heating rate of 5 °C/min and with a dwell time of 2 h. More

details are reported in ref.[20].
2.2 Glass-based and hybrid oxidation protective coatings

Table | presents an overview of some original glass compositions, designed and characterised at the
Politecnico di Torino with the aim of developing oxidation protective coatings for TEs. The different
glass compositions ranges were selected with the help of the Sciglass 6.6 software database (AKos
GmbH, Germany) and modifying the glass composition based on the properties required for the
coatings. The main criteria for the selection of glass-based coatings were the compatibility between
the CTE of the coating and the thermoelectric substrate as well as the coatings’ glass transition

temperature (Tg) and softening temperature (Ts).

All of the glasses (“parent glasses”) were prepared by weighing and mixing the starting precursors
(oxides or carbonates) according to the glass composition reported in Table I. The raw materials were
mixed and were subsequently melted at high temperature in a chamber furnace in air, in platinum-
rhodium crucibles (Table I). The parent glasses were obtained by melt-quenching by casting onto a
brass substrate, which was then ground and sieved into particle size < 38 um. All the powder glasses
were thermally characterised by means of hot stage microscopy (HSM), and differential thermal

analysis (DTA).



The coatings were deposited using the slurry method: a slurry composed of ethanol (30 wt.%) and
glass powder (70 wt.%) was manually deposited with a spatula onto the thermoelectric substrate and
then subjected to selected thermal treatment, based on the results obtained from the thermal analyses
(HSM and DTA) performed on the glass powders. All of the heat treatments were carried out in a
tubular furnace under a continuous flowing Ar, following the deposition conditions reported in Table

The coefficient of thermal expansion (CTE) and the dilatometric softening point of the glass-based
coatings were measured (before and after the deposition heat-treatment) using a dilatometer

(DIL402PC, Netzsch, Selb, Germany).

Since a glass-ceramic coating would require a deposition temperature too high for the Zn-doped
Tetrahedrite, a commercial hybrid water-based resin purchased from AREMCO SCIENTIFIC
COMPANY (Los Angeles, USA) and named Corr-Paint CP4040 was tested. It is characterised by
having a low curing temperature (250 °C for 45 minutes) and a nominal temperature resistance of up
to 590°C, and the composition is reported in Table 1. It was applied on the TE substrate using a foam
brush and subsequently cured under flowing Ar in a tubular furnace following the deposition
conditions reported in Table I. In order to demonstrate the effectiveness of these new innovative
coatings against oxidation, coated and uncoated samples were subjected to different oxidation/cycling

tests, under the conditions reported in Table I.

Field emission scanning electron microscope (FE-SEM, Merlin electron microscope, ZEISS,
Oberkochen, Germany) and energy dispersive X-ray spectroscopy (EDS, Zeiss Supra TM 40,
Oberkochen, Germany) were used to morphologically and chemically characterise the coated and
uncoated samples before and after oxidation/cycling tests. X-ray diffraction (XRD) analysis was

performed using an X Pert Pro MRD diffractometer with Cu Ka radiation, with the aid of the X-Pert

HighScore software. The crystalline phases were identified with the JCPDS data base provided by

ICDD (International Centre for Diffraction Data, Newton Square, Pennsylvania, USA). Furthermore,



some samples were analysed by means of a transmission electron microscope (TEM) JEOL 2100F
UHR, equipped with a Schottky field emission gun. Images were taken in bright field imaging mode,
while the selected area electron diffraction technique (SAED) was used for the investigation of the
reciprocal space. EDS spectrometry was carried out to analyse the elemental composition of the
samples, employing an Oxford Instruments SDD detector Xmax80. The samples were prepared by

mechanical pre-thinning and ion milling using a Gatan PIPS model 691[20].

Compositional changes in both of the p-type thermoelectrics and the coatings are reviewed and
discussed with respect to the electrical properties of the uncoated and coated samples before and after
thermal cycling or oxidation treatment. The Seebeck coefficient and electrical resistivity were
measured in vacuum (ZEM-3, Ulvac Technologies, Inc; Methuen, Massachusetts, USA). In order to
calculate the figure of merit of HMS samples, the thermal conductivity (k) was determined using the
equation k = 1- Cp -d, where 4 is the thermal diffusivity, Cp is the heat specific and d the density. The
thermal diffusivity was measured using a laser-flash method in a flowing Ar atmosphere (LFA- 457
MicroFlash, Netzsch, Selb, Germany); the specific heat capacity was calculated using the Dulong-
Petit law to avoid the large uncertainty in the differential scanning calorimetry method, and the
density was obtained using the Archimede’s method. For all the electrical measurements, the outer
layers of both coated and uncoated samples were removed using a sandpaper to allow electrical

contacts to take place.

Table I. Summary of glass-based oxidation protective coatings for Sb doped Mgx(Si,Sn), TiO,.x and HMS thermoelectrics:
composition, thermal and thermo-mechanical properties, main crystalline phases, deposition thermal treatment,
oxidation/cycling test parameters. Composition and heat-treatment of a commercial hybrid resin used to protect Zn-doped
THD are also illustrated (o= coefficient of thermal expansion; Tg= glass transition temperature; Td= softening

dilatometric temperature).
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3. Results and discussion

3.1 Coating for n-type thermoelectrics

3.1.1 Sbh-doped magnesium-based silicide

The Sbh-doped Mg2(Si,Sn), with chemical formula Mg2Sio.487SnosSho.013, is a n-type TE. XRD analysis
(Figure 1a), showed the presence of a single solid solution of Mg.Si and Mg.Sn with chemical
formula similar to Mg2Sio.4Snos as the main phase. The oxidation test on the thermoelectric substrate
was performed at 500°C with a dwell time of 120 h in air. Five different glass compositions were
designed, characterized and tested as potentially oxidation protective coating for
MQ2Sio.487SN0.5Shbo.013 (labelled from M1 to M5 in Table 1). As mentioned above, in order to match
the CTE of the Sbh-doped Mgz(Si,Sn) of 17.6:10° K in the temperature range 50-300°C, all the
glasses included high contents of alkaline oxides like K-O and Na2O, and the addition of MgO to
reduce the Mg diffusion from the TE substrate. Additionally, a T4 lower than 500 °C was the target
in order to ensure an adequate viscosity of the glass during the coating process that could not exceed

720°C (the TE sintering temperature).
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Figure 1. (a) XRD pattern of as-sintered Mg.Sio.4s7Sno5Sho.o13, uncoated and coated Mg,Sio.4s7Sno.sSho.oisafter the
oxidation test at 500°C for 120 h; (b) macrographs of uncoated Mg,Sio.4s7Sn05Sho.013and M3 glass coated
Mg2Sio.487SN0.5Sho 013 before and after the ageing test at 500 °C for 120 h. The images are adapted from D’Isanto F et al.
[18]

The deposition thermal treatment for each composition (Table 1) was selected after evaluation of the
sintering and crystallization behavior, with the HSM and DTA, respectively. In order to identify the
crystalline phases present in the five compositions, the XRD was carried out on glass pellets obtained
after the deposition heat treatment (Figure 2b). In the M1 glass-ceramic after thermal treating at
650°C for 1h, the cubic CagAlsO1s was identified as the main phase and the KAISiO4 was detected as
a secondary phase. Furthermore, an amorphous halo was clearly visible, suggesting the presence of a
residual glassy phase. For the M2 glass-ceramic, heat treated under the same conditions, the calcium
aluminium oxide was still the main phase, but the intensity of the main peak of the potassium
aluminium silicate increases considerably. The amorphous halo related to the residual glassy phase
seems to be decreased. No clear evidence of crystalline phases was found for M3 (after sintering at
550°C for 1h), and the M4 and M5 compositions (after the sintering at 600°C for 1h). Dilatometric
analyses, carried out on sintered pellets obtained with different deposition heat treatment, are reported
in Figure 2a and the values of the CTE are reported in Table I. In the same table, for each glass-based
composition, Tq4 and Tq (dilatometric softening point) are reported before and after the deposition

thermal treatment. Since the values of the coefficient of thermal expansion obtained for M1, M2, M4



and M5 after the deposition treatment were too high in comparison with the Sb-doped Mg2(Si,Sn),

these materials were not considered as appropriate coatings for the Mg silicide substrate.

SEM analyses carried out on M3 coated Mg silicide, previously discussed in [18], showed that the
coating was well adherent to the substrate, no pores, cracks or delamination phenomena were visible
at the coating/TE interface after the deposition treatment. No crystalline phases were found,
accordingly to XRD pattern reported in Figure 2b. A good thermo-mechanical compatibility was
found between the coating and the thermoelectric substrate. The value of the coefficient of thermal
expansion of M3 glass-based coating is ~ 17-10% K™ and it is slightly lower than that of the
MQg2Sio.487SN0.5Sb0.013 substrate (17.6-10—6 K—1), which led to a moderate compression state in the
coating [4,21], thus making the coated Sh-doped Mg.(Si,Sn) potentially more resistant to the
propagation of cracks during the cooling process or under thermal cycling. Therefore, M3 glass-based
coated TE and uncoated samples were subjected to an ageing test at 500°C for 120 h in air. Figure 1b
shows samples before and after the oxidation test, and it is clear that the oxidative atmosphere had a
strong effect on the uncoated sample. It was completely oxidised and turned into powder, while the
coated sample appeared unaffected. Furthermore, the XRD pattern of the aged Mg2Sio.487SNo.5Sbo.013
for 120 h at 500°C in air without coating (Figure 1a) showed the decomposition of the thermoelectric
substrate into a mixture of compounds: MgO, SnOz, SnO, Sn and Si, as previously reported [18,22].
The XRD pattern of the coated sample after the above-mentioned oxidation test (Figure 1a) is
identical with that of the of the as-sintered sample, thus demonstrating the efficacy of the M3 glass-
based coating to protect the TE material under oxidative atmosphere at 500°C for 120 h. However,
thermoelectric properties of M3 coated samples should be investigated to further validate the
effectiveness of the glass-based coating: a reaction could be taken place between the coating and the
TE material that cannot be observed by SEM or XRD, but could decrease the TE material

performances.
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Figure 2. (a) Dilatometry curves and (b) XRD pattern of: M1 and M2 glass-ceramic obtained after deposition heat
treatment at 650°C for 1h; M3 glass-based coating obtained after deposition heat treatment at 550°C for 1h; M4 and M5

glass-based coatings obtained after deposition heat treatment at 600°C for 1h.

3.1.2 Titanium suboxide

The second n-type thermoelectric studied was the titanium suboxide, TiO2-x. In order to protect this
thermoelectric substrate against oxidation up to 600°C, a new silica-based glass labelled as T1 [20],
with composition and characteristic temperatures reported in Table I, was produced to match the
thermal expansion coefficient of titanium suboxide that is ~ 7-9 -10° K [23]. The microstructure
of as-cast T1, which is described in [20], showed the detection of two different phases: brighter
uniformly-dispersed round-shaped grains of a size ranging from 200 to 250 nm immersed in a
continuous dark matrix. Different hypotheses were considered to explain the development of this
microstructure, however XRD and TEM/SAED analyses (Figure 3a) supported the hypothesis of

the presence of a glass-phase separation, which caused the formation of glass droplets in which



primary Y,Ti,O7 crystals formed. Y,Ti.O7 has a coefficient of thermal expansion of ~8.4 -10” * K™ !
in the 300-1000°C range [24], a value that is similar to that of titanium suboxide (7-9 -10 6 K™ 1)
[23]. Furthermore, Y2Ti.O7 pyrochlore is chemically stable at high temperatures, has a low thermal
conductivity (in the range of 2.25-2.6 W m™ K) [24] and, consequently, is a promising candidate
material for the oxidation protection of TiO.«. Considering the DTA and HSM analyses of the T1
glass, the coating deposition heat-treatment was chosen as 1300°C for 10 min, followed by a heat-
treatment at 855°C for 30 min As reported in [20] and in Table I, the coefficient of thermal
expansion of the T1 parent glass is 8.6 -10~ % K~ between 200 °C and 500 °C, while the
dilatometric softening point is 792 °C (Figure 3c-1). The heat treatment necessary to consolidate the
coating process determined a slight increase of the CTE of the T1 parent glass, anyway the CTE
value of the T1 glass-ceramic is still compatible (9.1-10° K1) with the titanium suboxide substrate.
The most interesting result is that the sinter-crystallization heat treatment led to higher characteristic
T (i. e. the dilatometric softening temperature, indicated as Tqin Figure 3c, increased significantly
from 792°C for the parent glass, to 1081°C for the glass-ceramic in Figure 3c-2), thus increasing

and extending the working temperature of the T1 system.

A further examination of the glass-ceramic microstructure was carried out by means TEM and
SAED analyses (Figure 3b). The diffraction patterns of the black crystals confirmed that they are
the cubic Y,TiO7 phase, while the light-grey crystals are the triclinic CaAl;Si,Og phase.
Furthermore, it can be seen, at higher magnifications (green circle in Figure 3b), that there are very
small particles in some regions of the light amorphous area; the SAED analysis confirmed that these

particles are hexagonal phase Y2TiOs in an amorphous matrix.
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Figure 3. TEM and SAED analyses of (a) as-cast T1 glass and (b) T1 glass-ceramic; dilatometry curves of (c-1) as-cast
T1 glass and (c-2) T1 glass-ceramic. The images are adapted (Figure 3 a,b) and reprinted (Figure 3c) from D’Isanto F.

et al. [20]

Based on the above results, the T1 glass-ceramic coated TiO.-xand uncoated samples were submitted
to a preliminary oxidation test at 600 °C for 120 h in air. Figure 4a shows the cross-section of a coated
sample after the oxidation test. The formation of cracks due to thermal stresses was not observed and
the microstructure of the glass-ceramic was not affected by the heat treatment as compared with that
showed before oxidation test [20]; the T1 glass-ceramic has a glass transition temperature >750 °C
(as shown in Figure 3c) and below the Ty, the glass viscosity is so high that structural rearrangements
required for crystal nucleation and growth are unlikely to occur [25]. Furthermore, the ~ 1.5 um thick
reaction layer visible at the T1/TiO..x interface after the oxidation test (Figure 4a) is unchanged if
compared with that shown in SEM images before the test [20], and the excellent adhesion of the

coating to the thermoelectric material is maintained, even after the exposure to severe conditions. The



XRD pattern of the uncoated substrate following the oxidation test (Figure 4b) shows that it
completely oxidised to TiO2. On the contrary, it is encouraging to observe that the XRD pattern of
the coated sample after the oxidation test (after removing the outer layers to reveal pristine TiO2.),
is quite similar to that of the as-sintered sample. The comparison of the two diffractograms, shows
some differences concerning the Ti1O1s phase, represented by peaks with different relative ratios in
the two samples. This is particularly evident in the 50-60° 29 range of Figure 4b. These changes
could be due to XRD analyses carried out on bulk samples that may be cause a variation in the
intensity peaks. On the other hand, they could indicate an oxygen very slow migration through T1
glass-ceramic coating leading to an increment in Ti10O1g crystalline phase. In order to evaluate if the
results obtained with XRD analysis was related to a very long-term failure mode or if the T1 glass-
ceramic was effective in protecting the TiO.x substrate up to 600°C for 120 h in air, transport
properties need to be measured. They will be performed to confirm the efficacy of the T1 glass-
ceramic coating to exclude degradation of the thermoelectric material which can lead to reduce the

reliability of thermoelectric components.
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Figure 4. (a) SEM image (BSE) of the cross-section of a T1 glass-ceramic coated TiO2.x after the oxidation test at
600°C for 120 h; (b) XRD pattern of uncoated TiO2-, T1 glass-ceramic coated TiO2.x and as-sintered TiO2-x. The

images are adapted from D’Isanto F et al. [20]

3.2 Coating for p-type thermoelectrics



3.2.1 Higher manganese silicide

Higher manganese silicide (HMS), MnSi1.74, is a p-type thermoelectric. The XRD analysis of as-
sintered HMS (Figure 5e) showed that the main phase is Mn27Sis7 and that MnSi is present in very
small amounts. The glass used to protect HMS against oxidation, labelled G11, was previously
designed by F. Smeacetto et al.[26]; its composition is presented Table I. It is a lead-free glass with
characteristic temperatures suitable to be applied by slurry deposition and direct heating on the HMS
substrate, without exceeding the sintering temperature of the TE substrate (720 °C). The glass-
ceramic, obtained from the heat treatment of the G11 glass, was chosen as coating for higher
manganese silicide because of its thermo-mechanical properties. After the coating deposition, a heat
treatment carried out at 700 °C for 1h under flowing Ar. The G11 glass-ceramic system showed a
coefficient of thermal expansion of 10.7-10® K, 200-400°C, which matches well with this type of
silicide (11.5-10% K1, from room temperature to 700°C), with a softening point around 520 °C and a
significant amount of residual amorphous phase [4]. For this reason, the self- healing properties of
G11 glass-ceramic were evaluated by manually engraving a scratch on its surface with a diamond tip
(Figure 5a) and introducing several indentations on the glass-ceramic coating (Figure 5c¢). All of the
cracks were healed and indentation marks were not visible (Figures 5b and 5d) after heating at 600°C

for 30 min, under flowing Ar.
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Figure 5. (a,b) Healing of a scratch in the glass-ceramic coating and (c,d) of indentation mark and cracks, after heat
treatment at 600°C, for 30 minutes, under Ar flow ; (e) XRD pattern of as-sintered HMS, uncoated and coated HMS
after thermal cycling from room temperature to 600°C, dwelling time 1h, for 10 cycles. The images are reprinted

(Figure 3a-d) and adapted (Figure 5¢) from D’Isanto F. et al. [21]

The need for effective protection in oxidative atmosphere was demonstrated by SEM characterisation
and XRD analysis of uncoated HMS after thermal ageing at 600°C for 500 h and thermal cycling
from room temperature to 600°C, with a dwell time 1h, for 10 cycles, in air (Figure 5e) [4,21]. The
formation of an incoherent silica scale on the whole surface of the thermoelectric, due to the reaction
between the HMS and oxygen, caused the formation of a Si-deficient layer (MnSi), as shown by the

XRD pattern in Figure 5e.

On the contrary, from the XRD analyses of the coated HMS, no evidence was found of the formation

of the MnSi layer at the coating/HMS interface after the thermal cycling (Figure 5e) and thermal



ageing in the same above-mentioned conditions. Furthermore, the G11 glass-ceramic oxidation
protective coating effectiveness is demonstrated by the thermoelectric properties reported in Figure
6, which show the temperature dependence of the power factor and zT of the as-sintered HMS, coated

and uncoated HMS after thermal cycling from room temperature to 600°C, dwell time 1h, for 10

cycles.
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Figure 6. Temperature dependence of (a) Power factor and (b) zT of the as sintered HMS, coated and uncoated HMS
after thermal cycling from room temperature to 600°C, dwelling time 1h, for 10 cycles. The images are adapted from

D’Isanto F et al. [21].

Figure 6 shows the beneficial effect of the coating in these operative conditions. It can be noticed that
the coating allowed the differences in the power factor values of the as-sintered and coated samples
to be maintained within the error bars, avoiding a decrease observed in the uncoated specimen (Figure
6a). Furthermore, the coating avoided the increase of the electrical resistivity measured in the
uncoated sample after the oxidation treatment if compared to the as-sintered specimen[21]. Regarding
the figure of merit zT (Figure 6b), it can be observed that the coated HMS shows an almost unchanged
zT compared to the as-sintered specimen; both samples show higher values than those of the uncoated
TE, with differences that increase with increasing temperature. It can therefore be assumed that the
glass-ceramic coating provided effective protection, thus preventing the oxidation of HMS under

these thermal cycling conditions. The integrity of the coating and the soundness of the interface



confirmed the excellent CTE matching between HMS and coating, which prevented the formation of

deleterious residual stresses within the coated sample [21].

3.2.2  Zn-doped Tetrahedrite

The second p-type TE substrate was the Zn-doped Tetrahedrite with chemical formula
Cu115Zn05ShaS13. Since glass and glass-ceramic coatings would require a deposition temperature too
high for THD, a commercial hybrid resin with low curing temperature and with nominal temperature
resistance up to 590°C, was employed as a protective resistance coating. The effectiveness of the
coating in avoiding oxidation of tetrahedrite was demonstrated by assessing the electrical properties
of both the uncoated and coated THD before and after oxidation test at 400°C for 120h in air. XRD
analysis of an uncoated sample after ageing at 400°C (Figure 7b) showed the presence of

orthorhombic antimony oxides Sb20s and Sh20s, with Cu12ShsS13, Cu.S and CuS as secondary

phases.
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Figure 7. XRD pattern of (a) as-sintered Zn doped THD, (b) uncoated and (c) coated Zn doped THD, after the

oxidation test at 400°C for 120 h.

On the other hand, XRD analysis of the coated THD after oxidation test at 400°C for 120h (Figure
7c) showed that the main phase remained the Cu12ShsS13 with CusSbS, as a secondary phase (as for

the sample before the oxidation test, Figure 7a), and the presence of oxidation layers of antimony



oxide (Sh203) with traces of Cu2S and CuS. Figure 8 shows the results obtained from thermoelectric
measurements (electrical resistivity, Seebeck and power factor) carried out on as-prepared, uncoated
and coated samples after oxidation testing, suggesting that the formation of secondary phases in the
uncoated sample observed in XRD analyses (Figure 7b) reduced the carrier concentration, and
therefore led to a higher resistivity (Figure 8a). Seebeck coefficients of the aged Zn doped THD
without coating (Figure 8b), were slightly lower than those as-sintered and with coating, which did
not show any differences. On the other side, the coating was able to avoid the increase in electrical
resistivity observed for the uncoated sample. Consequently, the Seebeck coefficient and the power
factor of the uncoated sample decreased, while the coated sample maintained similar values to as-
sintered one (Figure 8b-c). No Figur of merit data (zT) were reported for this thermoelectric substrate,

because thermal conductivity has not measured yet.
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Figure 8. Temperature dependence of the (a) electrical resistivity, (b) Seebeck coefficient, (c) power factor of

the as-sintered Zn doped THD, uncoated and coated Zn doped THD, after the oxidation test at 400°C for 120h.

4. Conclusions

In this paper, the results concerning new oxidation protective coatings for four different
thermoelectric materials (2 n-type and 2 p-type) were reviewed and discussed in terms of their thermal
characterisation, their thermo-mechanical compatibility with the substrates as well as their efficiency
in different relevant conditions (thermal ageing or thermal cycling). The design and the development
of new glass and glass-ceramics as promising oxidation protective coatings were the main focus of
this paper. Slurry deposition of the coatings is an easy efficient method to overcome the main
drawback of oxidation and could extend the temperature range for thermoelectric applications.
Furthermore, the effectiveness of a hybrid commercial coating in as a novel and easy approach to
coat TE substrates in order to avoid their decomposition when they cannot be heated at a temperature

higher than 400°C (sintering temperature), was successfully demonstrated in this temperature range.

This study has identified some thermoelectric substrates degradation issues and provided a
comprehensive overview of different glass-based systems and processing to assess their functionality
in protecting TE substrates devices at T higher than 400°C, thus potentially extending their efficiency.
The preliminary ageing/ thermal cycling reported in this work (short time of testing) suggest that
these coatings are promising candidate for protecting thermoelectrics, but longer tests in more severe
conditions and missing thermoelectric and transport properties will be perform to further validate the

efficacy of oxidative protective coatings proposed.

This paper represents a valuable contribution to the integration of advanced engineering ceramics for
energy conversion systems and the research findings have important implications for developing of

durable and reliable TE modules.
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Table caption

Table I. Summary of glass-based oxidation protective coatings for Sb doped Mg2(Si,Sn), TiO2.x and
HMS thermoelectrics: composition, thermal and thermo-mechanical properties, main crystalline
phases, deposition thermal treatment, oxidation/cycling test parameters. Composition and heat-

treatment of a commercial hybrid resin used to protect Zn-doped THD are also illustrated.

Figure captions

Figure 1. (a) XRD pattern of as-sintered Mg2Sio.487Sno.5Sho.o13, uncoated and coated
Mg2Sio.487SNno.5Sho or3after the oxidation test at 500°C for 120 h; (b) macrographs of uncoated
Mg2Sio.487SN0.5Sbo.013 and M3 glass coated Mg2Sio.4s7Sno.5Sho.013 before and after the ageing test at

500 °C for 120 h. The images are adapted from D’Isanto F et al. [18].

Figure 2. (a) Dilatometry curves and (b) XRD pattern of: M1, M2 glass-ceramic obtained after

deposition heat treatment at 650°C for 1h; M3 glass-based coating obtained after deposition heat



treatment at 550°C for 1h; M4, M5 glass-based coatings obtained after deposition heat treatment at

600°C for 1h.

Figure 3. TEM and SAED analyses of (a) as-cast T1 glass and (b) T1 glass-ceramic; dilatometry
curves of (c-1) as-cast T1 glass and (c-2) T1 glass-ceramic. The images are adapted (Figure 3 a,b)

and reprinted (Figure 3c) from D’Isanto F. et al. [20].

Figure 4. (a) SEM image (BSE) of the cross-section of a T1 glass-ceramic coated TiO>.x after the
oxidation test at 600°C for 120 h; (b) XRD pattern of uncoated TiO>.,, T1 glass-ceramic coated

TiO2.x and as-sintered TiO2.x. The images are adapted from D’Isanto F et al. [20].

Figure 5. (a,b) Healing of a scratch in the glass-ceramic coating and (c,d) of indentation mark and
cracks, after heat treatment at 600°C, for 30 minutes, under Ar flow ; () XRD pattern of as-sintered
HMS, uncoated and coated HMS after thermal cycling from room temperature to 600°C, dwelling
time 1h, for 10 cycles. The images are reprinted (Figure 3a-d) and adapted (Figure 5e) from Salvo

M. et al. [21].

Figure 6. Temperature dependence of (a) Power factor and (b) zT of the as sintered HMS, coated
and uncoated HMS after thermal cycling from room temperature to 600°C, dwelling time 1h, for 10

cycles. The images are adapted from D’Isanto F et al. [21].

Figure 7. XRD pattern of as-sintered Zn doped THD, uncoated and coated Zn doped THD, after the

oxidation test at 400°C for 120 h.

Figure 8. Temperature dependence of the (a) electrical resistivity, (b) Seebeck coefficient, (c)
power factor of the as-sintered Zn doped THD, uncoated and coated Zn doped THD, after the

oxidation test at 400°C for 120h.






