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Research
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Professional Services

Editorships

Materials Today Communications, Frontiers in Materials, Crystals, Advanced Powder
Materials, Journal of Advanced Dielectrics

Memberships

Member of American Chemical Society (ACS)

Member of Royal Society of Chemistry (RSC)

Member of Institute of Materials, Minerals & Mining (I0M3)

Invited Talks

7 keynote speeches and 7 invited talks

Journal reviewer

Physical Review Letters, Acta Materialia, Chemistry of Materials, Scripta Materialia,
Nature Scientific Reports, etc



Some concepts

The universe is all of space and time and their contents

/N

3 dimension, point (0), line (1), face (2D), 1 dimension, continued, irreversible
cube (3D)
Amorphous solid Crystalline solids
e Short-range order * Periodicity

* Symmetric
* Long-range order



Types of Materials

Structure

* Metal

e Ceramic and glass
e Polymer

* Composite

Properties

* Mechanical, Strength, Stiffness, Toughness, Ductility, Brittleness, Hardness, Elasticity, etc.

e Electrical
e Thermal
* Magnetic

* Optical



Materials Development by Era

Different eras in human history* are named after the
materials incorporated in the predominant technologies

A.k.a. the “Steel Age”

2.5M — 3000 B.C.E. 1300 - 1950 C.E.
obsidian, flint _1200 B.C.E.—300C.E. steel

+ animal hide, Iron + aluminum and other metals,

bone, + “steel”, alloysof same,

wood, glass, non-natural polymers,

found hydrocarbons (wax/tar) processed minerals extracted hydrocarbons (coal and oil)

Bronze Iron Industrial

Age Age Era
3000-1200B.C.E. A.k.a. the “Porcelain Age” A.k.a. the “Silicon Age”
copper + tin = bronze 300— 1300 C.E. 1950 C.E. —?7??
+ clay ceramics, porcelain ceramics (Far East) silicon
pa;:;.rrus, + ceramic glazes, + modern composites,
Eﬂk E lagquer, Plymers,
s i i metal/ceramic composites nanostructured materials,
other processed/cultivated animal products, “metamaterials”
rubber [Central /South America)




My research

* Dielectric materials for energy storage capacitors
 Thermoelectric oxides for energy conversion and harvesting

* Advanced characterization technique-neutron scattering



Dielectric materials for energy
storage capacitors



Capacitors: Important electrical energy-storage
devices for sustainable development

Capacitors

S
=

Parallel-plate capacitor
Conductive plates X / - ALl T CE R - —
2
z Electrochemical | R R
Power Electronics § 10° | j Capacitors
C ENERGY - — o
Dielectric STORAGE o 10 ¢ N : Balieries s a—
Radar CAPACITORS N
Pulse Power 14 e i 7 s
A Applications i ] ] uel Gells —
Multilayer ceramic capacitors o el
(M LCC) Energy Density (Wh/L)

Advantages:
* High power density
% * High charge/discharge rates
et * High voltage Challenge:
e L * High reliability Low energy density

[1] G. Wang, Z. Lu, Y. Li, et al., Chemical Reviews, 2021, 121, 6124-6172.



Vision: Accelerating future of mobility
-Developing high energy density capacitors for electric vehicles

Future of mobility: Ambition for all new vehicles to be effectively zero emission by 2040

Conventional vehicles MLCCs

o ————————— - —

MLCC (Multi-layer ceramic capacitors)

MLCC Requirements In Electric Vehicles

(In Billions of Pieces) New requirements:
* Higher energy density

e Smallersize
—1 1 .

2191 E

Larger capacity
Higher voltage

.......

N -



How to Enhance the Energy Density of Capacitors?

A
Conductive plates C = gy€, E
VAN
| T 1 1. 1 A
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Dielectric
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Polarization and Breakdown Strength (E,)
— related to . and V

* The area to the left of the curve represents (the purple
section).

* P, and P, are the maximum polarization and the remanent
polarization under an applied electric field (E), respectively.

recoverable energy (U,..)

Pm.u - '—-—t—' - P
_ max
U= [ ™*EdP
S
= P
4] _ max
N Urec = fpr EdP
O
o —
- n - Urec/U
P, Hysteresis loss (U,...)

Uloss= (U — Urec)

Electric field Ey

[2] H. Palneedi, et al., Advanced Functional Materials, 2018, 28, 1803665.



Energy storage in different materials

« Breakdown strength (E,) means the maximum electric field
that the material can withstand.

(a) linear dielectric ! (b) paraelectric (c) ferroelectric

o
:
A

: (e) antiferrQelectric
fepfoelectric

er : |\
—— A
E

[2] H. Palneedi, et al., Advanced Functional Materials, 2018, 28, 1803665.




Develop lead-free electroceramics for high energy

density capacitors
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Systematic strategy

Develop a systematic strategy

Conduction Step 1 and 2: Step 3:
mechanism Electrical property Microstructure
e\e,cn'\cal co’?da%, A conductivig, oy
¢ T T
:<IJcm" ' 82] em? X
W, oc 4 G? Wu-c ..... o,
e« & ) S % Tape
g Doping 2 casting
--------- :--- adesae —— - - P ‘—
' Emax ! Alloymg ' max
i <100kV em? | | 460kVem? |
: g : iy
' P ;Y/&j Q , ' L «*:y{w
Loy, W, andBe® Sh W, and B

Schematic representation of the approach to obtain high energy density

W=%QV=%CV2=%EOET§V2 alelalv — Wi

[3] Z. Lu, G. Wang, W. Bao, et al., Energy & Environmental Science, 2020, 13, 2938-2948.



Multilayer Ceramic Capacitors (MLCCs) Manufacture

Planetary Ball Mill Tape Casting Screen Printing

Connecting Ceramic layers
terminal \ (dielectric)

g Electrode

y Connecting

o terminal



Thermoelectric oxides for energy
conversion and harvesting



Thermoelectric Generator

Thermoelectric materials can convert
heat into electricity directly, vice versa.

+ Electrical power input

a Heat input b

AL

Hot
junction

Advantages:
* No moving parts
e Little to no maintenance
Ceramic plate * Silent operation
* Same system for heating/cooling
* Size
Disadvantages:
* Lower efficiency
* High cost

Cold
Junction

=

Electrical power output



Applications

Thermoelectric Th | . '
Wristwatch ermoelectric power generation ‘
Thermoelectric IR

detectors

Radiator fins Isotope fuel capsule
[/ (plutonium 238)

=2 Thermocouples 3 - 5
, D gl e memcamee P Thermoelectric mini-refrigerators
Note: Nimbus weather satellite and Pioneer/Viking probes

SOURCE: US Department of Energy

Multiple Mission Radioisotope
Thermoelectric Generator



Thermoelectric figure of merit

toxic, rare
[ ]

2.0 T . . .
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[4] M. W. Gaultois, et al., Chemistry of Materials, 2013, 25, 2911-2920.

ZT=1is regarded as a
performance benchmark for
viable TE materials.

Figure of merit is given by:

S2gT
K

For a high ZT, usually
electrical conductivity lies
between 100 S/cm and 1000
S/cm.



The strategies for improving thermoelectric
performance

a

Increasing power factor (S%0')
A balance must be found between effective mass and mobility for a high power

factor.
Lowering thermal conductivity ()
Introduce point defects or vacancies. (SrTiO; based system)

Engineer complex crystal structures to separate the electron-crystal from the

phonon-glass.

Create nanostructures thus shortening the mean free path. These materials can
be formed as superlattices (2D structures), nanowires (1D structures), guantum

dots (OD structures) and thin-film materials.



Nominal doping mechanisms

Electronic compensation (e): Sr&,. — Lag, + e’,
Sr, La,TiO;
A-site vacancy (V,): 3Srg,. — 2Lag, + Vs,

Sry45,La,TiOg

B-site vacancy (V,): 4Sr§, + Ti7; = 4Lag, + V7"

Sry,La,Tiy 525,03

Aim: To introduce A-site/B-site/O vacancy to improve the thermoelectric

performance by reducing thermal conductivity without decreasing the
electrical conductivity.




La doped SrTiO; - N,/5%H,
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conductivity as compared to

10 20 30 0 60 70 80 90 \ NN stoichiometric compounds.
40 50

| 5raka,Tin0s:0s




Why A-site vacancy is beneficial for the
improvement of electrical conductivity?

Sr&. + 05 & SrO + Vg, + V5
1
05 « 202(9) + 2e’ + VO“

Vs, reduces the number of intrinsic Schottky defects, pushing the first
equation to the left and thus reducing V,;°. For a given pO,, the second

equation shifts right to oppose the change, facilitating oxygen removal
from the lattice associated with the generation of free electrons.l!

[5] D. Neagu and J. T. S. Irvine. Chemistry of Materials, 23, 1607-1617 (2011).



Thermoelectric properties of La doped SrTiO,

Highest ZT value

Highest ZT values reported for n-type ST based ceramics and exceeds [t LA

the current record for an n-type material based on epitaxial thin films.

——-SrTi0, , -9~y =0.05
—-y=010-Q9—-y=0.125
~0-y=015-Q—-y=0.175
--y=0.20-9—-y=0.30

8
(=]
o
Figure of Merit, ZT

Electrical conductivity, o (S/cm)
a
o
o

0 x Hﬁ 1 R 3 1 ‘.3 1 ._° 1
400 500 600 700 800 900 1000

Temperature, T (K)

[6] S. Ohta., et al., Applied Physics Letters, 87, 092108-1-3 (2005).
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Atomic microstructure

Atomic resolution HAADF-STEM images

y=0.30 y =0.50

y=0.63
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[7] Z. Lu, etc. Chemistry of Materials, 28, 925-935 (2016).
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Advanced characterization
technique-neutron scattering



Why can we see?

Scattering conveys information!

Source | %
/ Detector

Objects

1. We can see something when light scatters from them.

2. Visible light is composed of electromagnetic waves, thus we are using
electromagnetic probe to observe objects.

3. However, the details of what we see are ultimately limited by the
wavelength.



How can we see atomic scale?

Penetrates Earth's

Atmosphere? N N

Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray
Wavelength (m)  10° 05x107° 107° 10 10

R o Y- A diagram of the electromagnetic
== L+ % < %

spectrum, showing various
Buildings Humans Butterfies MNeedle Point Protozoans Molecules  Atoms  Atomic Nuclei

## properties across the range of
Frequency (Hz)

. A P P frequencies and wavelengths

Temperature of
objects atwhich g k
this radiation is the ||
mostintense
wavelength emitted -

1K 100K 10,000 K 10,000,000 K
-272°C -173°C 9,727 °C ~10,000,000°C

To “see” atomic structure, we require a probe with a wavelength at
length scale of interest, such as ~1010 m,

=

X-ray A form of electromagnetic radiation (A~ 108 - 10-19)
Electrons Charged particle (A = h/mv)
Neutron Neutral particle (A = h/mv)

LW N



What is the advantages and disadvantages of
neutron scattering?

Advantages Disadvantages

Wavelength are easily to be varied and
comparable with interatomic spacings

Neutrons are expensive to produce

Zero charged, extremely penetrating though
atoms and not strongly attenuated

Nuclear interaction is simple only with nuclei
of atoms and is easy to model

Neutron scattering experiments are
time consuming and require

Non-destructive probe with low energy international facilities

Isotopic sensitivity and can see low elements
easily, such as H

Interact weakly with matter means
large samples are required

Magnetic dipole moment for study of

magnetic materials



To “See” materials using neutron scattering

Structure and Dynamics

S\

Elastic scattering (NS) Inelastic scattering (INS)
Material structure Magnetic structure Phonon Spin waves

e NN




FLEXX—the neutron triple-axis spectrometer

FLEXX is a world-leading instrument for inelastic neutron scattering at HZB:

* Quantum magnetism
* Unconventional superconductivity

* Thermoelectric materials



The versatility of FLEXX

World leading sample environments allow access to a large parameter
space for temperature and magnetic field.

A novel multi-analyzer MultiFLEXX can measure many angles and multiple
energy transfers simultaneously.

High-resolution Neutron Resonance Spin Echo option.

Extreme Sample Environments MultiFLEXX

- —

=




Example 1 — Lead phonon excitations

Pb —Lead Single Crystal

3D-case (cubic crystal)

fcc nuclear structure

Frequency o

Wavevector q

14 e
- i "L
2 12t : .
) 5® t N 4 [8] Stedman, et al.,
£ 2, oo : 1 Phys. Rev. 1967, 162, 545.
ko -+ r . 1
= o e 1
i 5€ 38
a4 - x J
K = Extract the
1l . velocity of sound
R R N
q

1
0 0.2
Q=(hh2)/rlu

1 1
-0.6 02




Example 2 — Quantum-Spin-Liquid (QSL)

The broad continuum of YoMgGaO, is an immediate consequence and

strong evidence of spinon excitations in QSLs!1l,

A triangular layer of the
magnetic Yb3* ions and oxygen

[9]Y. Shen, et al., Nature, 2016, 540, 559.
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