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_16|CCA! Thermoelectric Research Groups in China

Institutions:
1.  Shanghai Institute of Ceramics,CAS (Shanghai)

2. Wuhan University of Technology (Wuhan)
3. Zhejiang University (Hangzhou)
4. Tsinghua University ( Beijing)
5. Tianjin University (Tianjin)
6. Shandong University (Jinan)
7. Beijing University of Sci. and Tech. (Beijing)
8. Tianjin Power Source Institute (Tianjin)
9. ...
Scientists:

Chen Lidong, Zhang Wengqing,... (Shanghai)
Zhang Qingjie, Tang Xinfeng, ... (Wuhan)
Zhao Xinbin,... (Zhejiang)
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ﬁl( Thermoelectric Researches

1. New thermoelectric compounds: special structures
¢ 3-dimentional caged compounds
¢ 2-dimentional layered compounds

¢ New concept TE materials
Tuning the electron correlation; Other compounds; ......

2. Nano and bulk nanocomposite materials
Goal: ZT ~2.0

3. Devices and module fabrication
Goal: Efficiency ~ 20 %

4. Industrial applicartions

Phase 1: Hybrid PV+TE power generation;
Automobile waste heat recovery;
Special power generation

--- Mainly supported by China government (973)




The Electronegativity-based Selection Rule

The Ax-based selection rule(Ax =x , — x,>0.80):

[ Most of atoms form no stable filled phase ;
[ RE and AE atoms do form stable filled phases;
O AM-filled CoSb;—novel filled phases ?
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Optimal Combinations of multiple fillers

Optimal Combinations of multiple fillers :

“Using fillers with largely different
rattling frequencies to realize wide-
spectrum phonon scattering, especially
for the low-frequency phonons ” N pe———

BTSEE

Filler Rattling

atom @, (cmT)

La 68 [ Bad combinations
fégs Ce 55 REs (Mischmetal)

Eu 59 AEs (Ba + Sr)

Yb 43 0 Good combinations :
L Ba 94 Dual : Ba +Yb, Ba + Ce,
(RE) Sr 91 Yb + Na, ..
HeE Na 113 Triple : Yb + Ba + Na, ...
(AM) K 142
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ZTs of the Ba-Yb dual-filling CoSb,
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Yang, Zhang, Chen et al, Appl. Phys. Lett. 91, (2007)
Shi, Yang, Chen, Zhang, et al, Appl. Phys. Lett. 92, (2008)
US patent - with GM, 2008, #61036715

Ba-Yb dual-filled CoSb;
reaches ZT~1.36@850K,
Best among the CoSb;-
based bulk materials !
(2008)

A series of dual-filled

CoSb, (~ 1.4@850K)
could be obtained easily.
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_ig|ccAS Bulk Nanocompositel it nenemrn
ar L A Y
PKERL r
Couples %
ﬁﬁtm Graphite Punch[ 4 ¢
éﬂ*ﬁ*ﬁ: Graphite Die

SPS : Non-equilibrium
Bulk nanocomposite :

A In situ nanoparticle formation plus SPS

1 melt-spinning(MS) plus SPS

[ Chemical synthesis plus SPS
1 Mechanical alloy(MA) plus SPS
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In-situ preparation of Yb,Co,Sb,,/Yb,0, nano-composites

Precipitation
y+x
Oxidation
Grain- 5

boundary

Inside
Grain ~°

g8
@] (@)
J@}% P Yb,Co,Sb,,

Selective oxidation of Yb leads to the formation of
homogeneously dispersed nano-size oxide particles.
-> severed as effective phonon scattering centers.

Chen, Zhang, Appl. Phys. Lett. (2006); J. Appl. Phys. (2005, 2007); China patent
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TE performance of Yb,Co,Sb,,/Yb,0,
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K was greatly depressed by the Yb,0; nano particles dispersed inside
grain and on the grain-boundary. ZT~1.3

Chen et al, Appl. Phys. Lett. (2007, 2006, 2003); China Patent
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In-situ formed Yb,Co,Sb,,/GaSb nano-composites
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MS-SPS Technology
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The MS technique has been widely used to prepare amorphous alloys, but it
has not been reported to apply for preparing TE materials with fine nanostructure
before our work. By our work, we have found that the MS technique can give us

*,, considerable control over the resulting nanostructures in TE materials. R
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chcm Nanostructure by MS-SPS
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A p-type Bi,Te; material with layered nanostructure was obtained by
MS+SPS technology, the TE properties were greatly enhanced with the
nanostructure and the highest ZT values reaches 1.35 at 300 K.
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P-type Bi,Te; with layer nanostructure Zone melting sample( 0.2-2 um)
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Tang XF et al., (Wuhan)Appl. Phys. Lett., 90 (2007)
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£|CC/\S MS/SPS Results for ¥b Co,Sb,,

Ybx€o,Sh,, nanocomposite
With multiscaled microstructure

>

o~

SICAC.CN

Tang XF (Wuhan) J. Phys. D: Appl. Phys.




= F3E AT

JIC@% MS/SPS Results for \/byCo“Sb12

----------------------------------------------------------------------------------------------------
. L 4
LS

*
*

14 1.4 .

12} 1., Tranditional (B.Sales, ORNL)

ol 1o 2ZT..=1.05 (750K) :
kl 0s| 1os

sl ORNL,bulk ], . MS+SPS

0af “a-vb, cosb AHLRE Joa  ZTmax—1.30 (800K)

02 —Ybo:ZCo4Sb12by B.C.Sales |, Z1=1.0 (T =570K)

300 400 500 600 700 800

Induction Melting + MS + SPS
m FEEEMESESERN 910K GEE40/MTLA
B YbiEFECoSb, EZTEMH1.051R 5 %1.30, & T25%

.
-----------------------------------------------------------------------------------------------------

Tang XF (Wuhan) Appl. Phys. Lett. 93, 252109,(2008)




CTE comparison between CoSb,; and Mo-Cu alloys

1.2x10°
[ TR R G O Sh 5 iq 2
1.0x10” W Y ALY A arnnn o AV AAMAYYYY YA =
X w%mxwé LYYy ﬁi&&“&MDsocuso ',, %
" o
. MoCu =
Tlﬁ
1 =
\
\
\ _
\
\ "
\ %
\
\
\
\
L — CoSb; is joined with MoCu

400 500 600 700 800
Temperature/ K

alloys with inserting Ti-interlayer.

CTE can be tuned by changing the Mo-Cu alloy composition.
Mo;,Cu;, shows close CTE values with skutterudite in the whole
temperature range.
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Fabrication c;f n-shaped CoSb, element : SPS one step sintering

Separate plate

SPS

A2 Tilayer

A

Moéu electrode

Schematic of 7T -shaped element
fabrication by SPS one step sintering

WWW.SIC AC.CN



Design and Fabrication of Filled CoSb; TE module

I/J

Metalized AIN substrate Demonstrated module

SICCAS, cooperate with Corning

| WWW.SIC AC.CN




Hybrid PV-TE Power Generation System

Wavelength Spectrum %
Photovoltaic ~ |-200-800nm | UV & visible | 5g
light
Thermoelectric | ~800—3000 nm IR 42
Photovoltaic Thermoelectric

Energy Density

200 800
Wavelangth (nm)
Figure 2. Sun radiates energy as a 6000K blackbody

radiator with part of the energy in the ultraviolet (UV)
spectrum and part in the infrared (IR) spectrum.

Prototype
(Running at Wuhai, Neimeng)

Wavelength
segregator

1
/l\

Fresnel lens

IR (800-3000 nm)

Sunlight collector Heat collector

Reflection lens

Cooling

UV & visible ligh

(200-800 nm) /-
Thermoelectric generator

Solar cell (T>500°C)
(T<80°C)

Figure 3. After the solar energy is concentrated, it can be
converted into electricity through both photovoltaics (UV
spectrum) and thermoelectrics (IR spectrum).

BizTeg-based TE Module
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SIC-SAIC TE power generation program

Partially Funded by Shanghai Automotive Industry Science
and Technology Development Foundation

€ Main team members:

Shanghai Institute of Ceramics
SAIC Motor Technical Center

¢ Period:
Phase I: From 2009 to 2012
Phase ll: ... ...

€ Project goal:
Demonstrate 500W generator installed into a 2.5L car with a
fuel economy improvement of 8-10%



Summary

Research on thermoelectrics has been improved very
much, and we Chinese scientists have catched up with
with world level quickly in recent years.

We are close to the end of the phase-I 973 program
(national key basic research program).
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Since 1928

EICCAS SICCAS -- Research Fields

[0 Rank as one of the best research institutes in China;
O Focus on non-metallic inorganic materials;

0 Expand much research areas in recent years.

(1) Advanced Structural Ceram.
2 Functional Ceramics and

TE

improved by high tech &

Shanghai 200050 ) ;
Ancient Ceramics

(9 0)
Q
7] . Ce: .
o its Applications in IT ® Ceramics
AN Y A 10- i
| E:E g§ (3 Bio-Materials ® Glass
A1 ] i
4 = % 4 New Energy Materials ® Crystals
S. 5 (B Eco-materials :
o o ® Inorganic
® 3 (® Synthetic Crystals coatings
Shanghai Inst of Ceramics, 3 . . ]
Chinese Academy of Sciences Q @ Industrial Ceramics ® Composites
S
(g)

Space Materials Science

| WWWWLSIC_AC.CN




FFL and Electronegativity-based Selection Rule

Point .| What controls the filling fraction limit ?

Ca Ba La Ce Yb

Exptl
FFL

0.20 | 0.44 | 0.23 | 0.10 | 0.19

O Competition between the filled
phase and possible secondary
phases determines the FFL.

nl +4CoSh, — g - ;’; 1,Co,5b,,

209 15 14
(2 y)

Y cosb
2-y Z

.5 l |

| |
1 A stable filled CoSb; has t
“ satisfy an electronegy ty-
ased selection ru },

-ytheory

X Electronegativity of atom.

0.0
0.0 1 2 3 4 5

Fgﬂ; %’é%lfét?&af&;&‘é‘ﬁ&ﬁgt (2005).
S RN AR el
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Alkali-metal-filled skutterudites: Na,Co,Sb,, and K ,Co,Sbh,,

1.5 T T I | T — T -
|=— room 40-
i temperature Nao 43C0,Sby, | 300K
I 05005 95Nig 45Sb 35_
| L
1.0 | 2 o
| type) X 30-
I g i & ,\8
: S 2% O \V
0.5 | ol “é’t; 20-‘ A /. Na Co Sb12 0 \\
N Al ”/ O Ba  Co,Sh,,
I 7 V EuCosShb, A
10 A La,Co,Sb,,
0.0 | ] | ] T | N
0 00 600 800 1000 1200 1400 10” s 10”
T (K) n(cm?)

€ Na and K has a maximum filling fraction (up to 65%) reported.

@ Na Co,Sb,, shows the highest power factor and ZTs among all single
filled SKTs.

AM-filled CoSb,: 2007 Goldsmid Award (Dr. Pei YZ);

26
Pei, Chen, Zhang, APL (2009,2007); Mei, Zhang, Chen, PRB.(2007).




Thermal durability: interfacial change after thermal aging

550°C, 20days 550°C, 30days

sICCA COMP  28.8kY  x1,008 10pm WO 1mm

575°C, 4days

JEOL COMP  28.8kY  x1,000 10pm WO 1mm JEOL COMP  28.8kY  x1,000 18pm WD 1mm

TEM of CoSb,/Ti/Mo-Cu joint after thermal aging at different conditions
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Since 1928

—SICCAS  yehicle in China

75

Million

June 2007

June 2008 August 2009

PEMFRLSERRTARM
shanghai Institute of Ceramics

Chinese Acadamy of Soences
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