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A B S T R A C T   

We herein report tests at high temperatures of a 4-leg oxide thermoelectric generator consisting of two pairs of p- 
type Ni0.98Li0.02O (Li–NiO) and n-type Zn0.98Al0.02O (Al–ZnO), assembled with various conducting perovskite 
oxides as interconnects. Using a custom-built testing system, we evaluated performance and stability at a hot side 
(furnace) temperature of up to 1000 ◦C under temperature differences up to ΔT = 600 ◦C in air. With a 
La0.6Sr0.4CoO3 (LSC) interconnect, a maximum power output of 18 mW was achieved with TH = 940 and TC =

340 ◦C (ΔT = 600 ◦C). Power maxima with La0.8Sr0.2MnO3 (LSM) and La0.8Sr0.2CrO3 (LSCr) as interconnects 
were lower, 6 mW and 2 mW, respectively, under similar conditions, attributed to their lower thermal and 
electrical conductivities. This demonstrates the requirements and potential of oxide interconnects for stable use 
of all-oxide thermoelectric generators at high temperatures in ambient air.   

1. Introduction 

Thermoelectric generators (TEGs) are highly reliable solid-state de-
vices that directly convert heat into electrical energy without any 
moving parts. Most commercially available TEGs are chalcogenide 
based materials such as Bi2Te3, Pb–Te, etc. [1] Toxicity, poor thermal 
and chemical stability, and high processing costs limit their extensive 
applications irrespective of their excellent performance [2]. Metal ox-
ides are alternative candidates for high-temperature TEGs because of 
their low cost and toxicity and good thermochemical stability including 
oxidation resistance. The figures of merit (zT) for oxide thermoelectric 
(TE) materials are generally inferior to non-oxides, but various layered 
cobalt-containing p-type oxides exhibit high power factors [3,4]. Among 
the fewer n-type oxides that operate stably under oxidising conditions, 
CaMnO3 based perovskites and doped ZnO are attractive [5,6]. Ac-
cording to some studies, the oxide-based TEG devices often show lower 
performance than expected from their parent material properties [7,8]. 
This is due to the high contact resistance at the oxide/metal junctions 
after high temperature usages. These metals oxidise at high tempera-
tures and limit the final device performance. Cracking and exfoliation of 
the contact deteriorate the interface and progressively decrease the 
device activity [9–11]. Low contact resistance between thermoelement 
materials and interconnect are essential to achieve the best device per-
formance. The conventional metal interconnects like Pt, Au and Ag 

cannot form an ohmic contact with both p and n oxide at a time and thus 
leads to a high contact resistance at the interface. It is not easy to choose 
a best interconnect material which compatible with both oxide TE for 
high temperature applications. So far, the best interconnect material 
used for oxide devices is metal-oxide composite of corresponding oxide 
materials with noble metals [12]. And many oxide devices prefer this 
metal-oxide composite interconnects concept for best device perfor-
mance [8,13]. 

Perovskite-based oxides with high electronic conductivity are widely 
employed as cathodes, interconnects and protective coating for metal 
interconnects in solid oxide fuel cells (SOFC) [14]. 

Here, we explore such oxides as interconnects for oxide TEGs at high 
temperature in air, namely Sr-doped lanthanum cobaltite (La0.6Sr0.4-

CoO3, LSC), manganite (La0.8Sr0.2MnO3, LSM), and chromite 
(La0.8Sr0.2CrO3, LSCr). They are all p-type conductors with conductiv-
ities at 100–1000 ◦C of 1000–1500 S/cm for LSC [15,16], 10–200 S/cm 
for LSM [17],and 3–14 S/cm for LSCr [18]. LSC and LSM are used in 
SOFC cathodes [19–22], while LSCr is used as interconnect in SOFCs and 
heating elements in high temperature furnaces [23–25]. 

We explore the device performance of a 4-leg thermoelectric module 
of p-type NiO and n-type ZnO using a newly developed test unit [26]. 
NiO is a p-type semiconductor with a wide bandgap above 3.6 eV and 
Li-doping greatly enhances its conductivity for use in high temperature 
thermoelectric applications [27,28]. ZnO is an intrinsic n-type 
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Fig. 1. Photographs of the different steps in the 
manufacturing of legs and other parts and fabrication 
of the oxide thermoelectric module. (a) NiO, ZnO TE 
elements and LSC interconnects, (b) leg assembly in 
π-shape, (c) the bottom part of the module-testing 
unit with Au contacts and a type S thermocouple, 
(d) module assembled on the testing set up, and (e) 
final view of the overall testing unit including module 
housing, top type S thermocouple, and spring load. 
The outer ceramic tube in c)-e) encloses a stainless 
steel support-tube (not visible) that is flushed with 
water and cools the bottom part of the module. The 
entire setup is enclosed in an outer quartz tube and 
inserted in a vertical tubular furnace.   

Fig. 2. XRD patterns of individual oxides and their powder mixtures with NiO and ZnO: (a) LSC, (b) LSM, and (c) LSCr.  

Fig. 3. SEM top view (a,b,c) and cross-sectional view (d,e,f) of, respectively, LSC, LSM. and LSCr.  
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semiconductor with a bandgap of around 3.3 eV, and here donor doping 
with Al is commonly used to enhance the electrical conductivity [29, 
30]. This paper describes the performance of all-oxide 4-leg thermo-
electric TEGs fabricated with two pairs of Li–NiO and Al–ZnO and LSC, 
LSM, or LSCr integrated as interconnects. 

2. Experimental procedures 

ZnO (Sigma Aldrich, 99.99%) and Al(NO3)3⋅9H2O were used as 
precursors to prepare Zn0.98Al0.02O, while NiO (Sigma Aldrich, 99.97%) 
and LiNO3 (Merck, 99.9%) were starting materials for Ni0.98Li0.02O. The 
precursors were ball milled in isopropanol with jar and balls of stabilised 
zirconia for 24 h followed by calcination at 800 ◦C for 5 h. Disks were 
uniaxially cold-pressed and then sintered at 1400 ◦C for 10 h. The 
perovskite materials La0.6Sr0.4CoO3, La0.8Sr0.2MnO3, and La0.8Sr0.2CrO3 
were synthesised by a modified solid-state route [31–36]. Appropriate 
amounts of La2O3, Co3O4, MnCO3, Cr2O3 and SrCO3 powders were 
mixed in isopropanol and ball milled for 20 h for LSC and LSM and 24 h 
for LSCr. The products were dried and calcined at temperatures between 

800 and 1100 ◦C for 5–10 h. Then the powders were uniaxially pressed 
into green compacts and sintered for 10 h at 1300, 1400, and 1600 ◦C for 
LSC, LSM, and LSCr, respectively. They were finally cut and ground into 
strips 0.5 mm thick for use as interconnects. 

A π-shaped thermoelectric device was fabricated using two pairs of 
Li–NiO and Al–ZnO. The leg manufacture and module assembly steps are 
illustrated in Fig. 1, further details are described elsewhere [26]. The 
dense pellets of NiO and ZnO were cut and ground into rectangular legs 
4.5 × 4.5 × 6 mm3 using an Allied Hightech TechCut 4x™. The two p-n 
couples were linked together by the strips of conducting oxide in-
terconnects. For additional electrical contact and compatibility with the 
set-up, the bottom end of each TE leg was coated with perovskite 
interconnect and then placed on top of a 0.05 mm thick gold (Au) foil 
contact (Fig. 1c). Hence, at the cold side, the top face of the interconnect 
is in contact with the TE leg, and the bottom face is in direct contact with 
the Au foil. There is no additional interlayer between the TE leg and 
interconnect on the hot side. A spring-load system holds the 4-leg 
module in a ProboStat™ measurement cell (NorECs, Norway). As 
shown in Fig. 1b, the oxide module was intact after tests, demonstrating 
thermochemical stability and compatibility of the materials involved for 
application at high temperatures up to 1000 ◦C in air. 

3. Characterization 

A Bruker D8 X-ray diffractometer with Cu-Kα radiation was used to 
verify the crystal structure and phase purity of the perovskite powders 
and a mixture of these oxides with the TE leg materials (see Fig. 2). The 
XRD analyses show that all three (LSC, LSM, LSCr) perovskite samples 
are phase pure. To check the chemical compatibility of these in-
terconnects towards the thermoelectric leg materials, they were mixed 
and heated at 1000 ◦C for 50 h. The XRD results showed only the initial 
two phases, with no deviation in the XRD peak position and no addi-
tional peaks corresponding to any reaction product phases. These results 
confirm the stability of the materials in contact with each other, 
although some interdiffusion of cations cannot be excluded. 

The microstructural characterization of the three interconnect ma-
terials was done with FEI Quanta 200 F FEG-ESEM, see Fig. 3. Scanning 
Electron Microsopy (SEM) was performed on the surface and fracture of 
the pellets in backscatter electron mode. Fig. 3 (a) and (b) show the 
dense surfaces of LSC (relative density (RD) ~ 90%) and LSM (RD 
~94%), respectively, evidencing considerable grain growth, while (c) 
shows LSCr with high porosity (RD ~70%) and little grain growth. This 
was further evidenced in the cross-sectional views of the pellets (d-f). 

4. Results and discussion 

The temperature dependencies of the thermoelectric properties 
(electrical conductivity and Seebeck coefficient) of the p-type Li–NiO 

Fig. 4. Thermoelectric properties of the p-type Ni0.98Li0.02O (left) and n-type Zn0.98Al0.02O (right).  

Fig. 5. Temperatures measured by the hot and cold side thermocouples and the 
resulting difference over the module as a function of furnace temperature. 
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and n-type Al–ZnO were measured in a customized setup [37] and are 
displayed in Fig. 4, generally consistent with previously reported studies 
[38,39]. The thermal conductivities of these materials are reported in 
the ranges of 20–5 W/mK for Li–NiO and 35-8 W/mK for Al–ZnO for the 
temperature range 100–700 ◦C [26,38,40]. The interdiffusion and 
electrical properties of direct p-n junctions between these materials at 
high temperatures have been reported elsewhere [41,42], but in this 
study they are not in direct contact as they are separated by interconnect 
oxides. 

The hot side and cold side temperature (TH and TC) in the 4-leg 
module setup measured by individual thermocouples and the resulting 
temperature difference (ΔT) are given as a function of the furnace 
temperature in Fig. 5. 

The theoretical open circuit voltage (OCVTheoretical) can be calculated 
from 

OCVTheoretical = N
(
αp − αn

)
ΔT (1)  

where N is the number of p-n pairs, α is the individual effective Seebeck 
coefficient averaged over the temperature difference ΔT. Hence the 
current can be expressed as 

I =
N
(
αp − αn

)
ΔT

RTEG + RL
(2) 

Here, RL is the external load resistance, while RTEG is the sum of 
resistances of individual thermoelectric materials RTE, the interconnect 
resistance RIC and the interface contact resistance RC: 

RTEG = RTE + RIC + RC (3) 

The power generation can be calculated using the following equation 

P = I2RL (4) 

The maximum power output occurs when RL = RTEG and the Pmax is 
related to the measured open-circuit voltage (OCV) and resistance as per 
the following equation, 

Pmax =
OCV2

4RTEG
(5) 

The results of testing the thermoelectric performance of the 4-leg 
module with three different interconnect are summarized in Fig. 6. 
The I–P and I–U curve for the present 4-leg oxide module at a specific 
furnace temperature of 1000 ◦C (TH = 940 ◦C and ΔT = 600 ◦C) is given 
in Fig. 6a. 

The electrical power generation characteristics of the oxide ther-
moelectric module were measured from 100 ◦C to 1000 ◦C with a 
minimum equilibration time of 1 h. In order to obtain the I–U curve, the 
voltage of the module was measured via separate voltage contacts, and 

the corresponding current was controlled using a resistance switch box. 
We extracted the measured OCV values from the I–U measurements and 
calculated the power output using Eq. (4). The temperature de-
pendencies of power output and resistance of the module with three 
different interconnect materials are compared in Fig. 6b. The electrical 
power output is at maximum (Pmax) when the load resistance RL is equal 
to RTEG, and is from Eq. (5) a function of the OCV and RTEG. 

OCVTheoretical calculated from Eq. (1) is plotted along with the 
measured OCV for the TEGs with different interconnects in Fig. 7. The 
measured OCV with LSC was 315 mV at a furnace temperature of 
1000 ◦C as compared to the OCVTheoretical ~446 mV and remained 
around 70% at all temperatures. In comparison, the OCV with LSM and 
LSCr interconnects were around 60% and 45%, respectively, of theo-
retical. This may reflect the difference in thermal coupling between the 
imposed temperature gradient and the hot and cold ends of the TE leg 
materials. The thermal conductivity κ of LSC is 2.5–6 W/mK for LSC at 

Fig. 6. (a) The module characteristics at furnace temnperature of 1000 ◦C for a 4-leg module with three different interconnects. (b) The measured temperature 
dependencies of module resistance and calculated maximum power output of the module. 

Fig. 7. Theoretical and measured open-circuit voltages (OCV) for the 4-leg 
module as a function of measured temperature difference. 
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300–1000 K [43], while κ for LSM is in the range 2.2–4 W/mK [44,45], 
and that for LSCr is 1–2 W/mK [46]. 

The Pmax values decrease with decreasing temperatures, as expected 
mainly from the temperature dependencies of the electrical conductiv-
ities of the leg materials. A maximum power output (Pmax) of 18 mW was 
derived with LSC as interconnect material at a furnace temperature of 
1000 ◦C, while it decreased to 6 mW and 2 mW with LSM and LSCr, 
respectively, as shown in Fig. 6b. This can be attributed to the difference 
in conductivities of the interconnects and high contact resistance at the 
interface. We have recently reported the low interface contact resistance 
for a NiO–ZnO junction with LSC as interconnect [47]. 

The maximum power output (Pmax) as a function of hot side tem-
perature (both heating and cooling cycle) of the four-leg test module 
with LSC as interconnect are depicted in Fig. 8a. The power output was 
slightly decreased during cooling compared to heating, especially at the 
lower temperature region. It might be due to the deterioration of the 
ZnO conductivity by segregation of a low-conducting spinel ZnAl2O4 
phase during heating [48–50]. 

The durability of the device was investigated by continuous opera-
tion under thermal conditions TH = 750 ◦C and ΔT = 470 ◦C in air, and 
the Pmax value is plotted against the operating time (given in Fig. 8b). 
The Pmax value was almost constant during continuous operation for 25 
h, indicating the module’s high reliability and the slight decrease in 
output power was expected due to the deterioration of Al–ZnO. 

The specification, condition and performance of our module was 
compared with that of other selected oxide–based modules developed 
thus far and summarized in Table 1. The present oxide thermoelectric 
module has a similar configuration listed in reference [26] but differs in 
the interconnect used. Our module showed improved performance 
compared to the reference in the same testing condition but still has a 
significant loss in OCV compared to the theoretical voltage. The findings 
of this study point out the importance of the use of non-metallic in-
terconnects for oxide TEGs. Further improvement of the power gener-
ation performance of the module and more research to lower the voltage 
losses are still needed. 

5. Conclusion 

A practical thermoelectric module was fabricated based on two pairs 
of Li–NiO and Al–ZnO. We have successfully tested a prototype oxide 
thermoelectric module with different conducting oxides as interconnects 
- a new concept for oxide thermoelectrics. The absence of additional 
peaks for new phases in the XRD analysis confirms the chemical stability 
between the legs and interconnect materials under operating conditions. 
The overall performance of the device built with 4.5 × 4.5 × 6 mm3 legs 
and different interconnect materials was determined from 100 to 
1000 ◦C furnace temperature. With LSC, LSM and LSCr as interconnect 
materials, the two pair (4-leg) module displayed OCVs of 236, 184, and 

Fig. 8. (a) Hot side temperature dependence of maximum output power evaluated for the heating-cooling cycle in a module with LSC interconnect and (b) Change of 
Pmax of the device with LSC interconnect isothermally operated in the air at TH = 750 ◦C. 

Table 1 
Comparison of specification, running condition, and performance of various oxide thermoelectric modules.  

Materials No: of p-n couples Joining technique (interconnect) TH (K) ΔT (K) Pmax (mW) Ref 

p-Li0.025Ni0.975O 
n-Ba0.4Sr0.6PbO3 

4 Sintering 1164 539 34.4 [51] 

p-NaCo1.7Cu0.3O4 

n-Ba0.4Sr0.6PbO3 

1 Au-Foil 1045 506 12 [52] 

p-Na0.7CoO2 

n-Ca0.92La0.08MnO3 

2 Ag–Pd electrodes 618 554 7.6 [53] 

p-Ca2.7Bi0.3Co4O9 

n-La0.9Bi0.1NiO3 

1 Ag paste with oxide powder 1073 500 94 [12] 

p-NaCo2O4 

n-Zn0.98Al0.02O 
12 Ag plate 

Diffusion welding 
934 455 52.5 [54] 

p-GdCo0.95Ni0.05O3 

n-CaMn0.98Nb0.02O3 

2 Ag/CuO 800 500 47 [55] 

p-Ca3Co4O9 

n-(ZnO)7In2O3 

44 Ag-paste 1100 673 423 [56] 

p-Ca3Co4− xO9+δ 

n-CaMnO3− δ/CaMn2O4 

1 Spark plasma co-sintering 1173 923 7.2 [57] 

p-Ni0.98Li0.02O 
n-Zn0.98Al0.02O. 

2 Au Foil 1103 813 7.3 [26] 

p-Ni0.98Li0.02O 
n-Zn0.98Al0.02O. 

2 Conducting oxide La0.6Sr0.4CoO3 1213 873 18 This work  
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137 mV, respectively, and maximum power outputs of 18, 6, and 2 mW 
at a furnace temperature of 1000 ◦C, TH = 940 ◦C, and ΔT ≈ 600 ◦C in 
air. The difference in OCV and power is tentatively attributed to the 
difference in thermal and electrical conductivities of the three 
interconnects. 
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