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Background: Thermocouples

Type Combination* T
E chromel – constan-

tan
-50 – 740

J Fe – constantan -40 - 750
K chromel – alumel -200 - 1350
M 82%Ni / 18%Mo –

99.2%Ni / 0.8%Co
1400

N Nicrosil / Nisil -270 – 1300
T copper – constantan -200 – 350

*: by weight. T : Temperature range (◦C).

Type Combination* T
B 70%Pt / 30%Rh – 94%Pt / 6%Rh 50 - 1820
R 87%Pt / 13%Rh – Pt 0 - 1600
S 90%Pt / 10%Rh – Pt 630 - 1600
C 95%W/5%Re – 74%W/26%Re 2329
D 97%W/3%Re – 75%W/25%Re 2490
G W – 74%W/26%Re 2,300
P 55%Pd/31%Pt/14%Au –

65%Au/35%Pd
500 – 1400

*: by weight. T : Temperature range (◦C).



Background: High-Temperature Thermocouple Assemblies

I Cost. Noble metals, such
as Pt and Rd and Rh, are
used.

I Slow responsive.
Protection tubes are
used.

I Bulky. Protection tubes
are used.

I Low sensitive.



Background: Seebeck Coefficient and Semiconducting
Thermoelectric Materials

S =
8π2κ2

B

3eh2
m∗T
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I S is Seebeck efficient.

I κB is the Boltzmann
constant.

I m∗ is the effective mass the
carrier.

I T is temperature.

I e is the unit charge.

I h is the Planck’s constant.

I n is the carrier concentration.
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requires an understanding of solid-state chemistry, high-temperature 
electronic and thermal transport measurements, and the underlying 
solid-state physics. These collaborations have led to a more complete 
understanding of the origin of good thermoelectric properties.

There are unifying characteristics in recently identified high-zT 
materials that can provide guidance in the successful search for new 
materials. One common feature of the thermoelectrics recently 
discovered with zT>1 is that most have lattice thermal conductivities 
that are lower than the present commercial materials. Thus the 
general achievement is that we are getting closer to a ‘phonon glass’ 
while maintaining the ‘electron crystal.’ These reduced lattice thermal 
conductivities are achieved through phonon scattering across 
various length scales as discussed above. A reduced lattice thermal 
conductivity directly improves the thermoelectric efficiency, zT, 
(equation (4)) and additionally allows re-optimization of the carrier 
concentration for additional zT improvement (Fig. 1b).

There are three general strategies to reduce lattice thermal 
conductivity that have been successfully used. The first is to scatter 
phonons within the unit cell by creating rattling structures or 
point defects such as interstitials, vacancies or by alloying27. The 
second strategy is to use complex crystal structures to separate the 
electron-crystal from the phonon-glass. Here the goal is to be able 
to achieve a phonon glass without disrupting the crystallinity of the 
electron-transport region. A third strategy is to scatter phonons at 
interfaces, leading to the use of multiphase composites mixed on the 
nanometre scale5. These nanostructured materials can be formed as 
thin-film superlattices or as intimately mixed composite structures.

complexiTy ThrouGh diSorder in The uniT cell

There is a long history of using atomic disorder to reduce the lattice 
thermal conductivity in thermoelectrics (Box 2). Early work by 

To best assess the recent progress and prospects in thermoelectric 
materials, the decades of research and development of the established 
state-of-the-art materials should also be considered. By far the most 
widely used thermoelectric materials are alloys of Bi2Te3 and Sb2Te3. 
For near-room-temperature applications, such as refrigeration and 
waste heat recovery up to 200 °C, Bi2Te3 alloys have been proved 
to possess the greatest figure of merit for both n- and p-type 
thermoelectric systems. Bi2Te3 was first investigated as a material 
of great thermoelectric promise in the 1950s12,16–18,84. It was quickly 
realized that alloying with Sb2Te3 and Bi2Se3 allowed for the fine tuning 
of the carrier concentration alongside a reduction in lattice thermal 
conductivity. The most commonly studied p-type compositions 
are near (Sb0.8Bi0.2)2Te3 whereas n-type compositions are close to 
Bi2(Te0.8Se0.2)3. The electronic transport properties and detailed defect 
chemistry (which controls the dopant concentration) of these alloys 
are now well understood thanks to extensive studies of single crystal 
and polycrystalline material85,86. Peak zT values for these materials 
are typically in the range of 0.8 to 1.1 with p-type materials achieving 
the highest values (Fig. B2a,b). By adjusting the carrier concentration 
zT can be optimized to peak at different temperatures, enabling the 
tuning of the materials for specific applications such as cooling or 
power generation87. This effect is demonstrated in Fig. B2c for PbTe.

For mid-temperature power generation (500–900 K), 
materials based on group-IV tellurides are typically used, 
such as PbTe, GeTe or SnTe12,17,18,81,88. The peak zT in optimized 
n-type material is about 0.8. Again, a tuning of the carrier 
concentration will alter the temperature where zT peaks. Alloys, 
particularly with AgSbTe2, have led to several reports of zT > 1 
for both n-type and p-type materials73,89,90. Only the p-type alloy 
(GeTe)0.85(AgSbTe2)0.15, commonly referred to as TAGS, with 
a maximum zT greater than 1.2 (ref. 69), has been successfully 
used in long-life thermoelectric generators. With the advent of 
modern microstructural and chemical analysis techniques, such 
materials are being reinvestigated with great promise (see section 
on nanomaterials).

Successful, high-temperature (>900 K) thermoelectric generators 
have typically used silicon–germanium alloys for both n- and p-type 
legs. The zT of these materials is fairly low, particularly for the p-type 
material (Fig. B2b) because of the relatively high lattice thermal 
conductivity of the diamond structure.

For cooling below room temperature, alloys of BiSb have been 
used in the n-type legs, coupled with p-type legs of (Bi,Sb)2(Te,Se)3 
(refs 91,92). The poor mechanical properties of BiSb leave much 
room for improved low-temperature materials.

Box 2 State-of-the-art high-zT materials
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Figure B2 figure-of-merit zT of state-of-the-art commercial materials and those used or being developed by naSa for thermoelectric power generation. a, p-type and 
b, n-type. most of these materials are complex alloys with dopants; approximate compositions are shown. c, altering the dopant concentration changes not only the peak 
zT but also the temperature where the peak occurs. as the dopant concentration in n-type pbTe increases (darker blue lines indicate higher doping) the zT peak increases 
in temperature. commercial alloys of bi2Te3 and Sb2Te3 from marlow industries, unpublished data; doped pbTe, ref. 88; skutterudite alloys of coSb3 and cefe4Sb12 from 
Jpl, caltech unpublished data; TaGS, ref. 69; SiGe (doped Si0.8Ge0.2), ref. 82; and yb14mnSb11, ref. 45.
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Snyder and Toberer, Nat. Mater. 7 (2008) 105; M. Cutler, et al., Phys. Rev. 133 (1964) A1143.



Project: Goals and Potential Significance of Results

A new kind of semiconducting thermocouples working harsh
environment with

I High stability at high temperature. Heat resistance.

I Resistance to oxidization, erosion, and shock. Erosion
resistance, oxidization resistance , and Erosion resistance

I Simple structure and easy maintenance.

I High sensitivity and high emf output.

I Low Cost.



Project: Relevancy to Fossil Energy

Bowen Steam Plant. A coal-fired power station in

Georgia. Pulverized coal-fired boiler in thermal-power-plants.

I Coal combustion at 1, 300− 1, 700 ◦C.

I Coal-fired thermal power plant: emit CO2, SO2, NOx , solid waste under
high temperature / high pressure.

I Overall coal plant efficiency: 32− 42 %. Efficiency: 35− 38 % at 570 ◦C
and 170 bar, 42 % at 600 ◦C and 220 bar, 48 % at 600 ◦C and 300 bar.

Thermal sensors work under harsh environment to control temperature
accurately. The proposed thermocouples will be good substitutes.

coalhandlingplants.com; brighthubengineering.com; D. Shindell et al., Atmos. Chem. Phys. 10 (2010) 3247.



Achievements 1: BxC Amorphous Borides

Phase diagram of B-C.

2 B2O3 + 4 C −−→ B4C + 3 CO2

with ∆Hcalculated = 1, 148 kJ/mol

26 B2O3 + 47 C −−→ 4 B13C2 + 39 CO2

with ∆Hcalculated = 14, 702 kJ/mol

Chemical reaction of amorphous boron carbide (BxC) compounds.

2020 Virtual MRS Spring/Fall Meeting & Exhibit. Control ID: # 3461206.



Achievements 1: BxC Amorphous Borides
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Journal of Alloy Compounds 861 (2021) 157951



Achievements 1: BxC Amorphous Borides
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Optical properties of amorphous boron carbide (BxC) compounds.

Journal of Alloy Compounds 861 (2021) 157951



Achievements 1: BxC Amorphous Borides

Simulated B13C2

(top) and B4C
(bottom) structure.

Calculated band-gaps of B13C2 (top)
and B4C (bottom) phase.

2020 Virtual MRS Spring/Fall Meeting & Exhibit. Control ID: # 3461206.



Achievements 1: BxC Amorphous Borides
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Journal of Alloy Compounds 861 (2021) 157951



Achievements 1: BxC Amorphous Borides

Fabricated BxC disk.
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Bulks of amorphous boron carbide (BxC) compounds.

2020 Virtual MRS Spring/Fall Meeting & Exhibit. Control ID: # 3461206.



Achievements 2: n-type Ceramic

Optical images of synthesized powders.



Achievements 2: n-type Ceramic
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X-ray diffraction patterns of synthesized powders prepared with
regular carbon content under various power. Less AB2 phase was

produced.



Achievements 2: n-type Ceramic
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X-ray diffraction patterns of n-type AB2 powders synthesized with
doubled carbon content under various power. The content of AB2

phase increases with power.



Achievements 2: n-type Ceramic
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X-ray diffraction patterns of synthesized powders prepared with
quadruple carbon content under various power. AB2 phase was

produced.



Achievements 2: n-type Ceramic
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X-ray diffraction patterns of synthesized powders prepared with
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Achievements 2: n-type Ceramic
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Achievements 2: n-type Ceramic

Precursor:
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Achievements 2: n-type Ceramic

UV-vis spectrum of a typical
sample.
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Optical properties of synthesized AB2 ceramic powders. The
band-gap of the synthesized ceramic is 4.39 eV at room

temperature.



Achievements 2: n-type Ceramic

density of 6.1 g/cm3, which makes it a great candidate for application in ultra-high temperature

environments over 2,000 ◦C as well as conventional applications such as electrode elements and

refractory crucibles [14, 15]. In addition to these properties, ZrB2 is known to have excellent

resistance to thermal shock and oxidation relative to other non-oxide engineering ceramics [16].

Proposed applications in high-temperature and corrosive environments with aggressive gases and

possible corrosive deposits for ZrB2?based materials include thermal protection components in

hypersonic aerospace vehicles, current and future propulsion systems, thermocouple sheaths, and

refractory crucibles [17].
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Figure 1: Reported and expected Seebeck coefficient of (a)
ZrB2 and (b) SmB2 thermoelectric materials.

ZrB2 has a high electrical con-

ductivity, only slightly less than

most metals, which allows com-

plex shapes to be machined by

using electrical discharge machin-

ing [14]. Other applications that

take advantage of the electrical

conductivity include furnace heat-

ing elements, high?temperature elec-

trodes, and metal evaporator boats.

ZrB2-based composites also have

extremely high melting points (> 3000 ◦C),

high thermal and electrical conduc-

tivities, chemical inertness against

molten metals, and great thermal shock resistance [18]. It’s hardness is 23 GPa, pressure strength

is 489 Ga, bend strength is 460 Ga, being a super high temperature refractory, used as super-high

temperature thermocouple protection tubes, friction resistance in tools and cutting, surface coating

material of hypersonic vehicles that experience extreme temperatures in excess of 2500 ◦C and be

exposed to high-temperature, high-flow-rate oxidizing plasma. The material is also used in boiling

4

Predicated Seebeck coefficient S of n-type AB2 ceramic at high
temperatures up to 2, 000 ◦C.



Achievements 3: Sensors

Gas sensors. Thermocouples.
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