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「同步輻射」是什麼？跟核能電廠一樣有輻射的問題嗎？
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How a Synchrotron Light Source Works
• Whenever electrons moving close to the speed of light are deflected by a

magnetic field, they radiate a thin beam of radiation tangentially from their
path. This beam is called "synchrotron radiation". Taking the NSRRC's
synchrotron light source as an example, the electrons are first accelerated in
the linear accelerator (LINAC) and the booster ring. They are then sent
through the transport line and into the storage ring, where they circulate in
vacuum pipes for several hours, emitting synchrotron radiation. The emitted
light is channeled through beamlines to the experimental stations where
experiments are conducted.

• Experiments using synchrotron radiation attempt to analyze electrons,
photons, and other particles that are emitted when synchrotron radiation
strikes matter. The resulting data are then used to deduce the matter's
chemistry, geometry, electronic structure, or magnetic properties.
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 Photoelectron spectroscopy
 X-ray Absorption Spectroscopy
 X-ray Diffraction Spectroscopy
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Photoelectron spectroscopy detects the 
kinetic energy of the electron escaped from 
the surface. 
X-ray Photoelectron Spectroscopy 

(XPS) 
- using soft x-ray (200-2000 eV) radiation to 
examine core-levels and valence levels.
Ultraviolet Photoelectron 

Spectroscopy (UPS)
- using vacuum UV (10-45 eV) radiation to 
examine valence levels. 

UV

X-rayK
L
M

UV photoelectron

X-ray photoelectron

XPS : Core electrons ejected
UPS : Valence electrons ejected
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The Photoelectric Effect

Albert Einstein considered electromagnetic energy to 
be bundled into little packets called photons.
 E(Energy of photon ) = hv
h = Planck constant ( 6.62 x 10-34 J s ) 
v = frequency (Hz) of the radiation

 hv = B.E. + K.E + Φ
 Photons of light hit surface electrons and transfer 

their energy 
 The energized electrons overcome their attraction 

and escape from the surface
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Ultraviolet Photoelectron Spectroscopy (UPS)

The UPS instrument measures the kinetic energy and angular distribution of the 
photoelectrons, information on the electronic structure (band structure) of the 
material under investigation can be extracted with surface sensitivity.
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Carbon-Oxygen Bond

Valence Level
C 2p

Core Level
C 1s

Carbon Nucleus

Oxygen Atom

C 1s  Binding 
Energy

Electron-oxygen 
atom attraction
(Oxygen Electro-
negativity)

Electron-nucleus 
attraction (Loss of 

Electronic Screening)

Shift to higher 
binding energy

Binding Energy Shifts
(Chemical Shifts- Electronegativity Effects)
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Functional
Group

Binding Energy
(eV)

hydrocarbon C-H, C  -C  285.0

amine C-N  286.0

alcohol, ether C-O-H, C  -O-C  286.5

Cl bound to C C-Cl  286.5

F bound to C C-F  287.8

carbonyl C=O  288.0

Binding Energy Shifts
(Chemical Shifts- Electronegativity Effects)
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Surface Survey
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Narrow Scan Depth Profile
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 Photoelectron spectroscopy
 X-ray Absorption Spectroscopy
 X-ray Diffraction Spectroscopy
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XANES

• Average oxidation state
• Local coordination environment
• Electronic structure (empty density of state) 
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Oxidation state

Mn 2+

Mn 4+Mn 3+
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Local coordination environment

Energy(eV)

Pre-edge

30



31



EXAFS

• Distance to neighboring atoms (average bond length)
• Coordination number and type of the neighboring atoms
• Order or disorder for atom arrangement
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Constructive
interference 

Destructive interference 

decay
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O K-edge
O 2pO 1s

t2g : O 2p − V 3d (t2g)

eg : O 2p − V 3d (eg)
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Central V atom is closer to the plane
Phys. Chem. Chem. Phys. 16, 4699 (2014)
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 Photoelectron spectroscopy
 X-ray Absorption Spectroscopy
 X-ray Diffraction Spectroscopy
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XRD

 NSRRC: continuum spectrum

 In house XRD: characteristics spectrum

 X-ray diffraction is a rapid analytical technique primarily 
used for phase identification of a crystalline material and 
can provide information on unit cell dimensions.
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The theory of XRD

• The wavelength of x-ray is 10-12~10-8m.
• The wavelength of X-rays are similar to the distance between 

atoms.
• Diffraction occurs when light is scattered by a periodic array 

with long-range order,  producing constructive interference 
at specific angles.
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Bragg’s law
• For parallel planes of atoms, 

with a space dhkl between the 
planes, constructive 
interference only occurs when 
Bragg’s law is satisfied.

• Additionally, the plane normal 
[hkl] must be parallel to the 
diffraction vectors

nλ= 2 d sinθ
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The theory of XRD

• The scattering of X-rays from atoms produces 
a diffraction pattern, which contains 
information about the atomic arrangement 
within the crystal.

• Amorphous materials like glass do not have a 
periodic array with long-range order, so they 
do not produce a diffraction pattern.
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Miller index (hkl)

• Miller indices (hkl) are used to identify 
different planes of atoms.

The (200) planes
of atoms in NaCl The (220) planes

of atoms in NaCl
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Crystal structure

The Face-centered Cubic Crystal Structure

The Body-centered Cubic Crystal Structure

The Hexagonal Close-packed
Crystal Structure
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The measurement of XRD
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Diffraction peaks are associated with planes of atoms

Miller indices (hkl): crystal phase 

Peak position: structure , lattice parameter

Peak width: crystal size, strain, defects

Peak area : preferred orientation
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Transmitted X-ray (It)

Diffracted X-ray

Io

XRD

Long range order  > 5 Å

XAS

Short range order  < 5Å

XRD vs XAS
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Solar
Water splitting

Dye-sensitized solar cells

Chinese Journal of Catalysis, 
2013, 34, 524

Solar 
cell

Electricity

Energy Generation-Solar energy

Chemical fuel
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Application of the Chemical Fuel – H2

http://www.apfct.com/tw/#
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大型發電廠的應用

定置型電熱共生系統
(同時產生電力與熱能，供應家庭使用)

H2

全球第一輛量產的燃料電池車
(2015)

Mirai

3C產品行動電源

Application
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日本推動乾淨能源 2021奧運打造「氫氣城（hydrogen town）」
選手村用

東京都政府為因應氫能源政策，
已決定將選手村打造成未來感
十足的「氫氣城」。
（擷取自《The Japan News》）

Future
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火車正駛向「零碳排」的歷史新頁：首輛
「氫能驅動」鐵路列車將在德國上路
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Solar to Hydrogen Device
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Chem. Soc. Rev., 2009, 38, 253-278

Photosynthesis  vs.   Artificial Photosynthesis

Artificial Photosynthesis
(uphill reaction)

Photosynthesis

CO2 reductionH2O Oxidation
Charge carrier 

generation

59



Experimental process
Cyclic voltammetric method

Solutions: 
Zinc chloride                ZnCl2
Sodium molybdate        Na2MoO4
Applied Potential: -0.8V (Ag/AgCl)
Reaction Temp: 80 ℃
Deposit time: 30 min

PEC measurement
 IPCE measurement
Mott-Schottky analysis

Approach: Modification of band structure by doping
Accomplishments: Mo-doped ZnO nanorods
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 Mo incorporation improve 
overall PEC activity

Fitting results:
ZnO
ND= 6×1018 cm-3

VFB= -0.28 V vs Ag/AgCl
Mo-ZnO
ND= 3×1020 cm-3

VFB= -0.34 V vs Ag/AgCl

ChemSusChem, 7, 2748 (2014) 61



ZnO vs Mo-doped ZnO

 Morphology unchange

 Contraction of ZnO lattice
Smaller Mo atom has substituted for the larger Zn atom

 Red-shift of the band gap

Approach: Modification of band structure by doping
Accomplishments: Mo-doped ZnO nanorods
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 Insertion of Mo into ZnO
→ partial reduction of Mo6+ 

→ charge transfer from O to    
Mo

→ 1.7 at. % Mo in ZnO

530-538 eV
O 2p–Zn 4s hybrid states
539-550 eV
O 2p–Zn 4p hybrid states

→ increase in number of 
unoccupied hybrid states

→ e- transfer from O 2p to 
Mo

ChemSusChem, 7, 2748 (2014)
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In recent work: Why MnO2?
Advantages :
 Low cost
 Visible-light response
Drawbacks :
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Experimental process
Cyclic voltammetric method

Approach: Modification of band structure by doping
Accomplishments: Ca-doped MnO2 nanorod bundles 

Solutions: (at 25 oC)
Manganese acetate     Mn(CH3COO)2
Calcium nitrate           Ca(NO3)2
Potential window: 0V~0.7V
Scan rate: 500mV/s
Deposit time: 15 mins

PEC measurement
 IPCE measurement
Mott-Schottky analysis
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 Ca incorporation improve 
overall visible-light 
absorption and PEC activity.

Chemcatchem, 6, 1684 (2014) 66



 Insertion of Ca into MnO2
→ decreases Mn oxidation state 
→ charge transfer from Ca to Mn

Mn-O-Mn Mn-OH

7.8 at. % Ca in MnO2Chemcatchem, 6, 1684 (2014) 67



545 eV
O 1s to Mn 4sp transition
531 eV
O1s to mixing O 2p and Mn 3d
transition
 Insertion of Ca into MnO2
→ decreases t2g↓ and/or eg↑
→ increases eg↓
→ MnIII Jahn–Teller ion arises     
accompanying insertion of Ca
→ MnIV ion is distorted from 
octahedral symmetry
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Experimental process

β-SnWO4 Photocatalyst with Controlled 
Morphological Transition of Cubes to Spikecubes

Polyol method

Solutions:
24mM Na2WO4·2H2O in diethylene glycol
0.6 M SnCl2·2H2O in DI H2O
Reaction temp. : 
120oC, 160oC, 190oC
Reaction time : 
60 (min) 69



Cube vs Spikecube
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ACS Catal., 6, 2357 (2016)

RhB degradation RhB degradation

MO degradation
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XAS - W L3-edge
[WO4]

tetrahedra

[SnO6]
octahedral

Stereoactive Sn-5s
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XAS - O K-edge

ACS Catal., 6, 2357 (2016)

ab initio FMS computation
Full multiple scattering (FMS) Enhanced SOFT and covalence effects account for

band gap opening via the energy shift of CBM！
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Modeling and Synthesis of CQD/H-ZnO1-x/ZnO
Photoanodes
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Appl. Catal. B: Environ., 285, 119846 (2021)
81



Boron-Triggered Electronic-Structure Reorientation of Os for hydrogen 
evolution reaction (HER)
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Nat. Commun., 13, 1143 (2022)

1 M KOH

1 M KOH

0.5 M H2SO4

0.5 M H2SO4 1 M PBS

1 M PBS
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α-CrOOH-modulated Co@CoMoOx for overall water splitting
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Co : Low oxidation
Mo : High oxidation
Cr : distorted octahedral 
symmetry

Wavelet transform
Maxi. Intensity : Mo-Co-O interaction Chem. Eng. J., 452, 139715 (2023) 87



Co : Co0 + Co2+

Mo : High oxidation
Cr : α-CrOOH

B2 : 2p-4d t2g  
B3 : 2p-4d eg

Electronic coupling
/interaction
→ More e- to Mo
→ redistribution

Co2+ : t2g 3d7 (t2g
6eg

1) orbital ; fully occupied 
Cr3+, Mo4+ and Mo6+ : 3d3 (t2g

3eg
0), 4d2 (t2g

2eg
0) and 4d0 (t2g

0eg
0)

Cr & Mo : unpaired e- in t2g
↑electron donation of π-symmetry → e- from Co to Cr and Mo

Chem. Eng. J., 452, 139715 (2023)
88



HER : 36 mV@η10 vs Pt/C 33 mV@η10
Fixed potential -100 mV for 48 h
OER : 278 mV@η10 vs IrO2 289 mV@η10
Fixed potential 350 mV for 48 h

Two-electrode full cell
1.570 and 1.731 V at current densities 10 and 100 mA cm−2

Pt/C/ NF || IrO2/NF
1.566 V and 1.738 V at current densities 10 and 100 mA cm−2

Chem. Eng. J., 452, 139715 (2023) 89



Co : Dry → Co(OH)2 (@OCP) → slight reduction
Mo : Intensified B2H(eg) , B3H(t2g) → Increased valence 
→ adsorption of H* intermediates
Cr : No obvious change
O :  D2-D2’ ↑ → Co(OH)2 (@OCP) 

D2’ ↓ → -OH bond breaking

Ligand-hole conc. 
decrease

Co2+(Oh) eg
signal decrease

Chem. Eng. J., 452, 139715 (2023) 90



Co : Intensified and edge-shifted for A3O & A4O → Co3+ (CoOOH)
Mo : Intensified B2O and B3O → Increased valence (Mo4+ and Mo6+) 
→ eg

0 orbitals can form stronger binding with oxygen species
Cr : Cr3+ → Cr6+

O : signal D1O ↑ → Cr6+/Co3+/Mo4+/Mo6+ ↑

Chem. Eng. J., 452, 139715 (2023) 91



Energy Storage Device

92



Electron storage device
Supercapacitor
Lithium battery

Reliable Electrochemical Energy Storage 
for Alternative Energy

Automobile engine start-up assist

Energy storage is one of the key challenges we face in the 21st century

Energy storage devices are “charged” when they absorb 
energy, either directly from renewable generation devices or 
indirectly from the electricity grid. 
They “discharge” when they deliver the stored energy back 
into the grid. 
Charge and discharge normally require power conversion 
devices, to transform electrical energy (AC or DC) into a 
different form of electrical, thermal, mechanical or chemical 
energy.
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Energy Storage

Battery Capacitor

Supercapacitor
s
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Ragone plots

Obviously We can’t invent a giant energy storage device to solve the
storage problem
But we can make tradeoffs to optimize performance for a given application
and we can continue to make innovative breakthroughs 95
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Nanostructured electrode materials: MnO2
Accomplishments: MnO2 nanosheet/carbon cloth
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Morphology & Structure of MnO2
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In-situ X-ray Absorption Fine Structure Studies 
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In-situ Mn K-edge XANES Spectra
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In-situ Mn K-edge XANES Spectra

 Reversible faradic redox transition
→ superior capacity performance 103



In-situ Mn K-edge EXAFS Spectra
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Nanostructured electrode materials: FeOOH
Accomplishments: γ-FeOOH nanosheet/carbon cloth
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γ-FeOOH

Fe3+ in FeOOH

H–O–H
→H2O molecule
→hydrated form
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 Reversible faradic redox transition
→ superior capacity performance

 The increase of Fe-O bond length 
→ expansion of FeO6 layer

 The decrease in FT magnitude 
→ local structure distortion

 Pseudocapacitive mechanism:
Fe(III)OOH + Li+ ↔ LiFe(II)OOH

Small, 10, 3803 (2014) 

Orthorhombic crystal structure
Infinite layer of [FeO6] octahedra

In-situ Fe K-edge XAS Spectra
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Nanostructured electrode materials
Accomplishments: Bi2Mo3O12 Anode Composited with Ti3C2

Battery Supercap., 3, 1296 (2020) 108



monoclinic α-Bi2Mo3O12 phase 109



Battery Supercap., 3, 1296 (2020) 

BMO@TC : 846 mAh/g (1st charge capacity)

High rate performance

After 1000 cycles at high charge/discharge current : 227 mAh/g 
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Operando XRD at 100 mA/g
BMO : Bi2Mo3O12
OCP → 3 V → 0 V
1.82 V : complete conversion of 
BMO
After 1.82 V : new peak (012)B → Bi
1.05 V : (221)LMO → Li2MoO4
Below 0.5 V : (111)BL → Li3Bi
Shift of (221)LMO : Li2MoO4 → 
Li2+xMoO4
0 V → 3 V
After 1.5 V : (111)BL ⇓ & (012)B⇑ ⇒
Li3Bi → Bi
Recovery of (221)LMO
Li2+xMoO4 → Li2MoO4

Battery Supercap., 3, 1296 (2020) 111



NbN Monocrystals for Supercapacitor
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The electrolyte was 1 M LiPF6 dissolved
in ethylene carbonate (EC) and dimethyl 
carbonate (DMC)
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Adv. Funct. Mater., 32, 2112592 (2022) 115



Adv. Funct. Mater., 32, 2112592 (2022) 116
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