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Sea Level Rise(mm)

Sea level rise

HIKHBFE SF LF3.3A%(3.3mm)
A rise at an average of 3.3 mm per year

Date 1993-2020
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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



Photoelectron spectroscopy detects the
kinetic energy of the electron escaped from
the surface.

» X-ray Photoelectron Spectroscopy
(XPS\S

- 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 photoelectron
A

E‘ Et
rs EF
hw
.
hw
Evac F Y o o
< IKEy)
Ep F=t== P
= = -
%%I\.aleﬂw band |
E; Icnre level I

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.+KE+ D

» Photons of light hit surface electrons and transfer
their energy

» The energized electrons overcome their attraction
and escape from the surface

surface normal
photons

(hv) A

electrons
(Ey)

F Y
Kinecic
Energy Characteristic
Photoelectron
+
1
Ev A |
¢ |
B, s 4
|
Binding | oo
Energy | B
| - e 3
| ™
v o -
Core
@ Py levels
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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.

UPS XPS

= Low Escape Depth = Core Levels & Valence Band
High Surface Sensitivity

= Sharp Lines

= High Resolution Qualitative & Quantitative Analysis

= Access to: Valence Band Features, = Chemical Shifts
Bonding Process




Binding Energy Shifts

(Chemical Shifts- Electronegativity Effects)

Carbon-Oxygen Bond Oxygen Atom

Electron-oxygen
,” atom attraction

(Oxygen Electro-

Valence Level neagativit
e @ neoativity)

Core Level ‘

C 1s Iﬁ‘

Carbon Nucleus

Electron-nucleus
attraction (Loss of

Electronic Screening)

C 1s Binding
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binding energy

A
—

21



Binding Energy Shifts

(Chemical Shifts- Electronegativity Effects)

Functional Binding Energy

Group (eV)
hydrocarbon C-H, C-C 285.0
amine C-N 286.0
alcohol, ether  C-O-H, C-O- 286.5
Clboundto C C-Cl 286.5
F boundto C C-F 287.8
carbonyl C=0 288.0

N(E)/E

Thousands

120

Cu?2 Peak Rel. Atomic
uep Area Sens. Conc
100 Mct-eV/sec %
Ni | 2.65 4.o44| 49
Cu 3.65 5.321 51
80
) Cu
60 Ni 2p N LMM Cu
' LMM
LMM Ni LEA‘,*\A
0 LMm Ni
LMM
20
0

-700 -500 -300 -100
Binding Energy (eV)

XPS of Copper-Nickel alloy

-1100 -900



Surface composition (atom %)
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» Photoelectron spectroscopy
» X-ray Absorption Spectroscopy
» X-ray Diffraction Spectroscopy



M, and M, edges
L -----------—3d
M, and M, edges
:'..L'::.:j:::::::::: 3p
M, edge
L ..__1 ____________ 35
& L,ed
s edge
@ L 2p (1=3/2)
Ll Lzedge
------------------ — 2p()=1/2)
L. edge
_l ________________ 25
K edge
——————————————————— 1s
) 4

26



Normalized Absorption

'\_

Rising Edge
X-ray
Absorbtion
Near Edge
Structure
(XANES)
Pre-
Edge

< 1s to continuum U {

|

Destructive Constructive
Interference  Interference

< 1s to (n+1)p UH

o]

Extended X-ray
Absorbtion Fine Structure
(EXAFS)

Incident Energy (eV)
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XANES

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



Mormalised Absorption

1.5=

1.0 =

Oxidation state

: Mn.Q,
S e D.3KMND JO.TMNS0 J0.58aC1_J0.5La(ND, ) IKOH

Y . . : :
6530 6540 5550 556 G570 G580
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Local coordination environment

Pure octahedral case

06 Centro-symmetric: no p-d mixing allowed;
_ only quadrupolar transitions — very low
05 L intensity
' Distortion from octahedral
04+ . . L
p-d mixing allowed: dipole transition in pre-
§_° 03 edge — increasingly larger intensity.
= | " Pure tetrahedral
0.2+ Largest pre-edge mtensity.
0.1 i -
e 1

0.0 L l L I L | . | .
5960 5980 6000 6020 6040 6060

Energy(eV)
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Normalized Absorption

'\_

Rising Edge
X-ray
Absorbtion
Near Edge
Structure
(XANES)
Pre-
Edge

< 1s to continuum U {

|

Destructive Constructive
Interference  Interference
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Extended X-ray
Absorbtion Fine Structure
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Incident Energy (eV)
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EXAFS

e Distance to neighboring atoms (average bond length)
e Coordination number and type of the neighboring atoms

e Order or disorder for atom arrangement
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K (wave number)
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Fourier transformation
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| N.Szf.(k)e—ZRj/)\[k) e~2k20j2
x(k) =) —

kR, sin|2kR; + d;(k)|

J

where f(k) and 0 (k) are photo-electron scattering properties of the
neighboring atom.

If we know these properties, we can determine:

R  distance to neighboring atom.

N  coordination number of neighboring atom.

o2 mean-square disorder of neighbor distance.

The scattering amplitude f(k) and phase-shift d (k) depend on atomic
number Z of the scattering atom, so we can also determine the species of
the neighboring atom.
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Nickel Oxide

Crystal structure : face centered cubic (fcc)
Lattice constant a : 4.178 A

Ni occupies corner site: (000)

O occupies body center site: (/222)

absorbing atom: Ni

Shell  element distance (A)
18t @ 2.09
2nd Ni 2.95

A 3 0 3.62

coordination no.

6
12
8
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3. Crystal field splitting & 3d orbital symmetry
Spherical O3  TetrahedralT, Octahedra O, TetrogonalDy,

04'§§

e-p,2) —2u(Z)

+ 5 Z,ZXJ ”_:: """ ] bI XZ_
d states — B
e(x3-y2 22)" by e(yz,zx)

k____ . bi()(}:)

ta(Xy. yz,2x) -

Octahedra O, TetrogonalD,,  PyramidalC,, Planar

***"

b (x*-y%)
"‘#3-—. b_;_v( )
k) —
e(yz,2x) bt Nistortion continues to the extreme,
T — __elyz.zx) E(ZZ zx)  the ligands is not present along z
i direction-> negligible ligand field

Increasing distortion

>
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3d orbital symmetry 2 a b, @
- 7 a: &
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Representation of the 3d levels electronic
occupation (in O, symmetry) of the
transition metal ions investigated.
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Result
> XAS
V L-edge & O K-edge
4 |
3 |
V 2 1
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70 K-edge N
Ols == O2p

eg:OZp—V3d(eg)

' ‘B&. octahedral pyramid
" dxz_yzy d2 ’ d,?
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Adv. Mater. 3, 244 (1997)
Physical Review B 77, 075118(2008)
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Intensity (arb. units)

53 5%
Photon energy (eV)

528 529 530 531 532 533 534

Photon energy (V)

by (x*—y?)
a, (z%)

b,y (xy)

e (yz,zx)

Physical Review B 77, 075118(2008)

70+ structural symmetry

6.0
55|
50

allb1

451

35
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Phys. Chem. Chem. Phys. 16, 4699 (2014)

kCentraI V atom is closer to the plane
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» Photoelectron spectroscopy
» X-ray Absorption Spectroscopy
» X-ray Diffraction Spectroscopy



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

e The wavelength of x-ray is 10712~108pn.

e The wavelength of X-rays are similar to the distance between
atoms.

e Diffraction occurs when light is scattered by a periodic array
with long-range order, producing constructive interference
at specific angles.

—_
___ﬂ\\
B ¥~ Constructive

Interference

Deconstructive
— Interference

\
txl' N
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Bragg’s law

e For parallel planes of atoms,
[hkl] A J‘I\s with a space dhkl between the
| ! planes, constructive
| | interference only occurs when
! Bragg’s law is satisfied.

diffraction vectors

e Additionally, the plane normal
v |hkl| must be parallel to the

et
o
z

nA= 2 d sin@
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The theory of XRD

e The scattering of X-rays from atoms produces
a diffraction pattern, which contains
crystalline information about the atomic arrangement
& Sieonatm within the crystal.
e Amorphous materials like glass do not have a

periodic array with long-range order, so they
do not produce a diffraction pattern.

non-crystalline



Miller index (hkl)

The (200) planes

of atoms in NacCl The (220) planes
of atoms in NaCI

(001) (100) (010)

(101) (110) (011)

\\\ Efééiiiza
(111) (171) (111)

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




Crystal structure

- 7/0 The Face-centered Cubic Crystal Structure

'\
Ul

(a) (b)

The Hexagonal Close-packed
Crystal Structure

(al (&) fe)

The Body-centered Cubic Crystal Structure
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The measurement of XRD

XRD flow chart

Crystalline ?

Form of sample ?

Thin film

Bulk

< No ———Amorphous

Powder

<0.05 pm (50 nm)|{|0.05 pm to 10 pm)| |> 10 pm

|

|

Powder X-ray diffraction

Single crystal
4

Crystal structure
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Diffraction peaks are associated with planes of atoms

Intensity(a.u)

600
Miller indices (hkl): crystal phase
= - v Agecl
gl = .
S * Ag
N\
400 |
Peak area : preferred orientation
-
[ =]
&5 -
200 | s =
* & <
E‘ = A E"*
*i? A "tr - Vv
L 'G'
o
Peak W|dth crystaI5|ze strain, defects
20 30 50 sn ?o 80

{deqree])
Peak position: structure, Iattice parameter
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XRD vs XAS
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200
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Long range order >5 A
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Energy Generation-Solar energy
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Application
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Hydrogen
An available, clean
and performing resource
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Solar to Hydrogen Device



Photosynthesis vs. Artificial Photosynthesis

Artificial Photosynthesis
(uphill reaction)

Photosynthesis

4
¢ Plant
3 ) ' §|H20
o : el o
o CO,+H,0 Chemical & ™ Chemical energy
lﬁ energy AG%=237kJ/mol
= / \

Photosynthesis Powdered photocatalyst Water

6CO, + 6H,0 > CH,,0; *+ 60,
|

S 2H,0 — 2H, + O,

2H* + 2¢e— H, photocathode

photoanode

59
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Approach: Modification of band structure by doping
Accomplishments: Mo-doped ZnO nanorods

Experimental process
Cyclic voltammetric method

PEC cell

@ Lens Aperture ;’
| _@_ A/ACl Filto:-jr .
Working Pt [ re%‘ere%ce | dd
electrode 8l clectrode ’:L L
gy ¢ <: : !'y
j =
| !
Solutions:
Zinc chloride ZnCl, v'PEC measurement

Sodium molybdate Na,MoO,
Applied Potential: -0.8V (Ag/AgCl)
Reaction Temp: 80 C

Deposit time: 30 min

v IPCE measurement

v’ Mott-Schottky analysis




a) 15 —— Dark scan
........ Zno —
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2 0.
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-02 00 02 04 06 08 10
Potential (V) vs. Ag/AgClI

+
==, Mo-doped € h
1.0 & e Zno v,

08 2 “\\ @ \e_
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06k —-+ Co-Pi/lMo-doped ZnO i N, o Co-P
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........ '\ e
04F C A0

! .
.
;
:
0.2F .-
»
>

0'0 1L g o g o g 1L
0.0 0.2 0.4 0.6 0.8 1.0
Potential (V) vs. Pt

Mo incorporation improve
overall PEC activity

f\f\U]l'i )('{\()|ili|lr<\/ ,"‘-\!'([\.(-.(H \/)||)

I Zn0O
20 Mo-doped ZnO

E 15}
o
X ]
s 10}
e |
“0 5k '\
- | x20

0 'S & s & s & s &

-04 -0.2 0.0 0.2 04 0.6

Potential (V) vs. Ag/AgCl
Fitting results:

ND= 6X1018 Cm‘3
VFB: -0.28 V vs Ag/AgCI

ND= BXIOZO Cm‘3
VFB: -0.34 V vs Ag/AgCI

ChemSusChem, 7, 2748 (2014)
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Approach: Modification of band structure by doping
Accomplishments: Mo-doped ZnO nanorods

a) B ::l:am-ita-o —_—7Zn0
% ——— Mo-doped ZnO
5 | *
“"'u:' , 35 . .a
BO B2 W4 B % iTo *:FTO

a 20 (degree)

g (002)(101
100 om 2 (100) % (102)

= il
ZnO vs Mo-doped ZnO —

25 30 35 40 45 50
> Morphology unchange 20 (degree)

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

> Red-shift of the band gap N
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Binding energy (eV)

(0] K.edge i Mo-doped ZnO
—Zn0

525 530 535 540 545 550

Photon energy (eV)

WW-W

In-0
Zn-Zn

Mo-doped
ZIIO Zn-O
Zn-Zn

1.96
13.2 3.23
3.2 1.94
11.8 3.18

0.003 0.003
0.015 39 0.003
0.004 2.7 0.004
0.02 3.5 0.003

Insertion of Mo into ZnO
— partial reduction of Mo®*
— 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 MnO,?

Typical metal oxides with low recombination loss

TiO, and ZnO Ti: [Ar].3d%4s?
Zn: [Ar].3d"%4s?

photo electron and hole separate via
metal 3d or 4s(CB) and oxygen 2p(VB)

0 2p
0 2p O 2p

Sakai, N. etal. J. Phys. Chem. B 109 (2005) 9651.
Xu, Y. etal. Am. Mineral. 85 (2002) 543.

eV Evs. NHE
0 — 1-25
= . —]-2.0
TiO, Zno e
30 —-1.
a5 ) Zn 4s MnO, 10
Bkl Ti 3d fully occupied d-shell partially filed d-shell ] -
4.0 - empty d-shell —-0.5
Conduction band
R L — Conduction Band g —{ 0
50 + —{+0.5
55— I —{+1.0
-6.0 - —{+1.5
3.0eV 3.2eV 22eV
65— —| +2.0
70 —{+25
v \ 4
75F —| +3.0
-8.0 — Valence band Valence band Valence band —{ +35

Advantages :

v’ Low cost

v Visible-light response
Drawbacks :

In the case of Mn(IV)O,,
VB — O(2p) & occupied Mn(3d) t,g orbital
CB — unoccupied Mn(3d) e, orbital

Mn(IV) ey ———
3d orbitals

A A A

tog

photo electron and hole via d-d transitions
Difficult migration
Rapid recombination

Sherman, D.M. et al. Am. Mineral. 69 (1984) 788.
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Approach: Modification of band structure by doping

Accomplishments: Ca-doped MnO, nanorod bundles

Experimental process

Cyclic voltammetric method

-®' [ Ag/AgCl

_ reference
¥l clectrode

Working
electrode

P P

\ﬂ“J

Solutions: (at 25 °C)

Manganese acetate  Mn(CH;COO),
Calcium nitrate Ca(NO;),

Potential window: OV~0.7V
Scan rate: 500mV/s
Deposit time: 15 mins

i

PEC cell

Lens Aperture
F
I*
!

ilter
A
P

v PEC measurement

v IPCE measurement

v’ Mott-Schottky analysis

©
&
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b) 05
0.4}
0.3} ¢

0.2F

/ (mA cm™)

01"

O.OH 4
0 18
Time (min)
0.4
| (L> 400 nm) * MnO,
I caO.ZSM".IOLN
~ O3F Yy N iy il
I IENIELE R
gO2kf i 1t
€ TR I T T
= 1§ 1 & % 2 % F 3
] = Y B i @ .
00k ALY Pl <. TR k-
0 50 100 150 200

Time (sec)

IPCE (%)

Wavelength (nm)

1240 x photocurrent density [mA cm 7]

(&) ==
IPCE [%] = wavelength [nm] x photon flux [mW cm~?] 1

Ca incorporation improve
overall visible-light
absorption and PEC activity.

Chemcatchem, 6, 1684 (2014)
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b)

Chemcatchem, 6, 1684 (2014)

Normalized absorbance (a.u.)

6552

(eV)

6546

=

E

8540

CaﬂﬂMnDLH
= _ ca-}.T?M"D!.ia
—Ca MnDLH

0.25

—-=-ref, h.r'lng'l‘.i3

6560 6580

Photon energy (eV)

6600

Ca, MO, , (3.75) ———+

MnG:

|

Ca, MnO,,, (3.37)

194

Ca MnO _ (3.61)

2

3 4

Mn oxidation state

c)

5 [Mn2p 2p,, ;
. £
[ Mn ;
§ -
E -
-gl f’-
t=ﬂ il R

= Y
S 4 i ®
z F

635 640

Table 1. Characteristics of pristine and Ca-containing MnO; samples.

Sample ICaz*l initial  Ca:Mn Mean Mn  Element ratio

composition content (M) atomic oxidation (Mn** Mn*)®l
ratio® state!

MnO2 - 0:-1 <+ 0

Cap12MnO4058 0.5 0.12:1 3:4b 0.33

Capg 17MnO1 .98 1 0.17 : 1 361 0.64

Cap2sMnO19s 1.5 0.25:1 3.37 1.7

[a] Atomic ratios were determined by ICP. [b] Valence states and element ratios

were calculated by XAS.

Insertion of Ca info MnO,
— decreases Mn oxidation state
— charge transfer from Ca to Mn

Binding energy (eV)

7.8 at. % Ca in MnO,

=
—

Normalized intensity (a.u.)

o1

01s

528

532 536 540

Binding energy (eV)
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S

Ca _MNnO

.25 1.94
lCHU.IF:\InDIS&
Ca“l”f\lnﬂma
_\11102

Normalized absorbance (a.u.)

Photon energy (eV)

545 eV

O 1s to Mn 4sp transition

531 eV

Ols to mixing O 2p and Mn 3d
Transition

Insertion of Ca info MnO,
— decreases t,, | and/or e, !
— increases egi
— Mn!I Jahn-Teller ion arises
accompanying insertion of Ca
— Mn!V ion is distorted from
octahedral symmetry

Crystal-field Exchange
effect effect

/ Mno;g

+#HbH. |-
Y% 23'0
Mn
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B-SnWO, Photocatalyst with Controlled
Morphological Transition of Cubes to Spikecubes

Experimental process

Polyol method

Solutions:

24mM Na, WO, 2H,0 in diethylene glycol

0.6 M SnCl,-2H,0 in DI H,0
Reaction temp. :

120°C, 160°C, 190°C
Reaction time :

60 (min)

100

Duration (Min.)

10F

Diethylene glycol (DEG) System
H,0,.,/DEG = 0.04

Cubes

Spike-Cubes

100

125 150

Temperature (°C)

175 200

Ratio of h/d_

0.4

o
-

| Diethylene glycol (DEG) System

Instant H,0 content
High Low
E e ——

50 75 100 1256 150

Temperature (°C)

175 200 69



Cube vs Spikecube

I ﬂ.snwo i L ﬂ.-SnWO
100 < lobe 10} o i cubrlr: SnWOo, ’1 00 ICDD 01-070-1497 w spikecube-SnWO,
. g — a i Sn/W = 0.99 Es & = Sn/W =1.02 |
2 ; = Z| €% | @ = _ 53 ;
i prar / = -] ; ’ :60 L - " ¥
Zeob 8. £ | 5% i " £ @5 /
£} S| £ Cubicshape = = ! i y 5| E Spikecubic shape | & T < ,‘% ;
£ =3 I | = z sn o WO A0 B0 B0 700 B 240t t 2 £| % w0 w0 w0 T0 B0 4
40} 1; 5 8 | Wavelangth jnm) ; > 2 T' Wavalength tnm) '
s T | 3 .' = 2o !
S )| Bs es5 < | 2 /| Zaof £ :
20 ;2 :53 z | | w y o | i '
Ml 1 o Jl \ Ez291eV ) 0 | ) Ep3zeoly:
10 20 30 40 §0 60 70 0.0 02 0 4 06 0. 8 ‘| 0 1.2 24 2 6 30 3.2 10 20 30 40 50 60 70 0.0 02 04 06 08 1.0 12 24 26 2B 30 32
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ACS Catal., 6, 2357 (2016)
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XAS - W L;-edge

- I sswo,| [H —— s-SnWo,
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XAS - O K-edge
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X-ray Photoelectron Spectroscopy
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W 5d

empty d-shell
Conduction band

29eV

I
3.0eV O K edge

X-ray Absorption Spectroscopy

Valence band “+

N
P
Ji

02p

K

Vacuum

S—
Hybridized 2p orbital

Core 2s orbital

Core 1s orbital

Enhanced SOFT and covalence effects account for

band gap opening via the energy shift of CBM !

ACS Catal., 6, 2357 (2016)
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Electronic Structure of B-SnWO,

sn(l1)

S5p orbitals  S5p, 5p, 5p,

sn(l) _I_

5s orbitals Antibonding

Bonding

Splitting by hybridization

w/ oxygen

The localized Sn 5s lone pair
strongly favors a second-order
Jahn-Teller (SOJT) distortion and
results in a lower symmetry
structure (distorted [SnO]).

SOJT enables the Sn 5s and Sn
5p, (CBM) states to mix in order
to stabilize the antibonding state
(VBM).

Elevation of CBM

Increased band gap

One of the basic concepts of
molecular orbital theory is that
interactions where both the
bonding and antibonding levels
are equally filled have a
destabilizing influence.

The dependence of hybridization
on coordinated site symmetry.
Symmetry - destabilized VBM
Distortion = stabilized VBM
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w
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Binding Energy (eV)
()]
w
N

(9))
w
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O K-edge XAS
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Modeling and Synthesis of CQD/H-Zn0O,_/Zn0O
Photoanodes

CQDs/H-Zn0, /ZnO

2 um

O H-ZnO,_JZn0O
O ZnO

= Fitting line

31 nm

@hvy’ (eV em')’

Energy (eV)

350 400 450 500
Wavelength (nm)
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Summary of the FT-EXAFS fitting data for H-ZnO,_/ZnO and ZnO.

Sample Path CN? RAY  62(103A2¢  AE,(eV)d
Zn-O 3.6 1.9647 6.8 1.9221
Zn0O
Zn-Zn 11.0 3.2285 10 -1.2996
Zn-O 3.2 1.9647 7.0 1.9888
H-ZnO,_/ZnO
Zn-Zn 10.9 3.2285 11 -1.3873

*The effective parameters for EXAFS fitting includes coordination number
(CN)?, interatomic distance (R)®, Debye-Waller factor (¢2)¢, and potential
correction AE,!. Typically, ZnO with wurtzite structure was used as the model
of EXAFS fitting, where Zn 1s coordinated with 4 O atoms (Zn-O path, first
shell) and second near-neighbor 12 Zn atoms (Zn-Zn, second shell). The &3-
weight EXAFS data was fit in k-space in the region of 2.0-12.5 A~! with
Hanning-shaped window. The R-space with the range of 1.0-3.6 A to fit all the
EXAFS data. All samples were fit simultaneously, yielding a normalized sum
of squared residuals [R-factor = Y (data-fit)? /> data? ) of 0.02 (2%)]. The
amplitude reduction factor S’ is defined at 1 to fit all samples for Zn K-edge.
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Boron-Triggered Electronic-Structure Reorientation of Os for hydrogen
evolution reaction (HER)
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o-CrOOH-modulated Co@CoMoOx for overall water splitting
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Energy Storage Device




Energy storage devices are “charged” when they absorb

indirectly from the electricity grid.
into the grid.
devices, to transform electrical energy (AC or DC) into a

energy.

) ) ) ' N muil?mﬂ"ﬂ'ﬂ;}r

Automobile engine start-up assist L g’inﬂ':'!v'hr!rmuﬂ
w : : ﬁm;tﬂ“k‘l? ‘W\‘»“

' ﬁ;!!j,rﬂ"!j\j‘b m

mrmumwmﬂ'wﬁ“,‘,r

e AT
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| Engine start-up assist

<t Discharging
Motor SuperCapacitor

Engine

M,0 (M=Mn, Co, Ni Fe) Li,MO, (M=Mn, Co, Ni)
Anode Cathode

Electron storage device
»Supercapacitor
»Lithium battery

«— Engine — g Driving —=
start-up

energy, either directly from renewable generation devices or
They “discharge” when they deliver the stored energy back
Charge and discharge normally require power conversion

different form of electrical, thermal, mechanical or chemical

Energy storage is one of the key challenges we face in the 215t century
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Ragone plots

Supercapacitors bridge between batteries and conventional capacitors

Energy - the capacity to do work
Power - how fast the energy is delivered

107 E
b2

| CAPACITO
10° £

RS
|

10°

Power Density (W/kg)

BATTERIES

100

FUEL CELLS

10

0.01 0.1 1 10 100 1000
Energy Density (Wh/kg)

Supercapacitors are able to attain
greater energy densities while still
maintaining the high power density
of conventional capacitors.

Supercapacitors are a potentially
versatile solution to a variety of
emerging energy applications
based on their ability to achieve a
wide range of energy and power
density.

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
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Capacitor vs. Supercapacitor vs. Battery

Capacitor Supercapacitor Battery
* Low Energy Density * Moderate Energy Density * High Energy Density
* Very High Power Density * High Power Density * Low Power Density

* Small Volume * Moderate Volume * Large Volume

* High Pressure * Moderate Pressure * Small Pressure
* Large Tap * Moderate Tap * Small Tap 96



Capacitor vs. Supercapacitor vs. Battery

BATTERY SUPERCAPACITOR CAPACITOR

Charge Time 1-5h 0.3-30s 103 —-10%s
Discharge Time | 0.3-3h 0.3-30s 103-10%s
Energy (Wh/kg) 10-100 1-10 < 0.1

Cycle Life 1000 > 500,000 > 500,000
Specific Power
< 1000 < 10,000 < 100,000
(W/kg)
Charge/discharge | 5 _ (g5 0.85-0.98 > 0.95
Efficiency

http://www.altenergymag.com/article /2005 /02 /ultracapacitors-and-the-hybrid-electric-vehicle /159 /




Capacitor vs. Supercapacitor vs. Battery

Capacitor Supercapacitor Battery

vlr_ Dielectric Electrolyte l
o &

G E i P
H - : 8% |
+ - + %f@% |
% - + :
- — -+ b4

i
+— [+
+— -
+— [+
+— [+
+— [+
+— [+
+— [+
+— -

Faradlc reactions occur at the Faradic reactions occur in

surface of active materials *L@QA whole active material 98



Nanostructured electrode materials: MnO,
Accomplishments: MnO, nanosheet/carbon cloth

—mvs 5 MM K;[Fe(CN
Carbon Cloth as electrode T=n el
@ Porosity

@ Chemical stability

@ Electric conductivity
@ Light weight

& FleXible pf‘opef“"y 00 0T 02 03 04 05 06

E /(V vs AgiAgCI, 3MKCI)

i1 (mAfem®)

AE,=63.5mV

electrochemical _gie
deposition Lert

Solutions: (at 25 °C) ~F ]
0.1M manganese sulfate  g@PIA
with 0.1M sulfuric acid

Carbon Cloth(CC) MnO,/CC
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Morphology & Structure of MnO,

Graphite

640 cm: the symmetric stretching vibration (Mn—0O)
of the MnOg4 groups.

575 em™': (Mn—0) stretching vibration in the basal
plane of MnQg sheet.

l Raman spectra

(002)
Graphite
(100)

XRD Intensity/a.u.

Carbon Cloth

Birnessite type

MnO_/CC

R
&
3
Raman Intensity (a.u.)

Carbon Cloth

[P st P g o st

500 600 700 800
Raman Shift (cm™")
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In-situ X-ray Absorption Fine Structure Studies

vs. AgiAgCH, 3M KCI)

Monochromator

E/V

[N 3

X-ray

"t/ (hour)

source : l

Collimated X-ray, I,

Electrolyte
xray N ’

NN\> |

Kapton tape / B

window

Detector

i/ mavem®)

Potentiostat/Galvanstat

anodic

cathodic

E/(V vs AgiAgCl, 3MKCI)
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In-situ Mn K-edge XANES Spectra

1.5
3 I A: pre-edge region
% ....... electronic excitation from 1s core
5] state to unoccupied 3d orbital
0 10
g , .
= B: main edge region
T : —— 0V vs. Ag/AgCl C: peak region
- ——0.25V vs. Ag/AgCl electric dipole-allowed transition of 1s
g —— 0.5V vs. Ag/AgClI core electron to unoccupied 4p
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Valence state of Mn can be determined
from the first inflection paint on the main
absorption edge.

Metalic Mn

“ 4 | v
I | 078V (367)
[ 0.5V (3.46)
0,25V (3.25)
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Variation of Mn valence state
with the applied potential

A 3 4
Mn Oxidation State
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In-situ Mn K-edge XANES Spectra
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Potential (V vs. Ag/AgCI)
Mn(IV)O, + x<Na* + x.e” € Na,[Mn(III)], [Mn(IV)],,O,

» Reversible faradic redox transition
— superior capacity performance



In-situ Mn K-edge EXAFS Spectra

12
— 0V vs. Ag/AgCI
——0.25V vs. Ag/AgCI
— 0.5V vs. Ag/AgCI
—0.75V vs. Ag/AgCI
— 1V vs. Ag/AgCI
O 3
©
=}
=
c
(@)
©
=
=4
0

R (Angstrom)

»The increase of Mn-O & Mn-Mn bond length resulted in expansion of MnOg layer.
»The decrease in FT magnitude was ascribed to local structure distortion.
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Nanostructured electrode materials: FeOOH
Accomplishments: y-FeOOH nanosheet/carbon cloth

Potentialstatic method

N\
\J,
- K& Ag/AgCl
Working Pt reference
clectrode electrode

I
I b SN

L electr@éhemical
- deposifion
gl

Solutions:

Ammonium iron sulfate
(NH,4),Fe(SO,),

Sodium Acetate (CH;COONa)
Ammonium Fluoride (NH;F)

Substrate: Carbon Cloth
Deposit Potential: 0.5-1 V
Deposit time: 0.5-1.5 hr

QRS S =S S e
et Bemn

et

— W
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XPS Intensity(a.u.)
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Reversible faradic redox transition
— superior capacity performance

The increase of Fe-O bond length
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The decrease in FT magnitude
— local structure distortion

Pseudocapacitive mechanism:
Fe(ll)OOH + Li* « LiFe(lI)OOH
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Nanostructured electrode materials
Accomplishments: Bi,Mo0,0,, Anode Composited with Ti;C,

1;0(

gg.k‘\"} prBecMugo.-

, .
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DI water
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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 Li,MoO, + xLi™ + xe~ < Liy,, . MoO,
BMO : Bi,M050,, _ . _ < o
Bi + 3Li™ +3e™ < Li;Bi

(b)

([) (II) (221) .m0 (111)g Cp {l[l)
145360 s — (221) moy

3.0V

ovV—->3V 41.05V
After 1.5V : (111)5, U & (012)sh = 1.a2v
Li;Bi — Bi ocv
Recovery of (221) o 0 1 12 13 14 15 92 94 96
Li,,,MoO, — Li,M0O, 20 / degree 20 / degree
--------- BON oy
wd  hd :G) intercalation o £ :
L | PP P T S
";i g . “ *:*‘{ deintercalation v L':q‘ :t"""'.g b
g‘ E Li,MoO, Li,, MoO, |
i DE 1054\ :
T o Q Alloyingwith i ®cg %0, %cg
o - ¥
. © Dealloying with Li 9 = i
, -0 © 1.96, %0, %2y |
L4 = DCA182AV : Bi BiLi, |
80 85 90 95 100 105120 125 13.0 e e

28 | dearsoa P

Battery Supercap., 3, 1296 (2020)



NbN Monocrystals for Supercapacitor

FE-SEM, TEM, HR-TEM &

HAADF images

Vacancy & Distortion

Fabrication of NbN(@C material
for Li-1on storage

NbN@C E1)]

Sol gel method

N CHN,
eN ~N
#c oL
) Nb Vacancy

N Vacancy

N-doped Carbon Defective NbN

Sol-gel method + Annealing
= NbN@C
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Single crystal phase
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Electrochemical Performances: Half NbN@C cell

Anodic peaks (a)DZ
Cathodic peaks@1.55V, 0.84V in 1*' cycle § @ 09

(Solid-electrolyte interface, SEI film)

Cathodic peak@0.01V
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— Multistep Li-ion
intercalations/deintercalations

Li-storage performances of half NbN@C cell
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» Surface-controlled
(capacitive behavior)

» Diffusion-controlled
(battery behavior)

Structural defect favors the Li-ion
diffusion into NbN lattice at
various scan rates.

Superior capacity retention

Why the NbN@C has better Li-ion
storage performances compared with
other references?

1. Structural defects at Nb-site

vacancy

2. Lattice distortion in NbN
monocrystals

3. Additional surface and lattice
space

for accommodating alkaline ions.
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Electrochemical Performances: Full NbN@C//AC Cell

Full cell NbN@(C//AC performance

Attractive energy/power

density at different potential

(c)
(b)g 4321 05 02 01 005AgT | %100 {“*“-*m
(a, g . A ._.I-
E . > ssand -
LHSC C = .
o Al foil 23 = h‘\;\“\ \
Cu foi1l & = F == This wark b ~
= w 10+ —i— T-Nb,O@NCIAC LY
E 2 E e T-NB, O, @Ni;PUAC N
.O. S ——C-LiTi 0,, NAC »
o > —4— IGO0 N-RGQ — " ALTIO GFCNF-GA
1 9 —+—T-Nb,0,8C/ AC
e e
w 1 :—::;U(;,;';f(é:?rﬂm —— H; ..".c,ll;;(uo nelAC
0 T T r
0 2000 4000 6000 8000 10000 10 100 1000 10000
NbN@C Time (s) Power density (W Kg™')
(d) 140
- &K1 100
'.u T ?
X - 80 =
§ i i E
z . . retention:80.1% .60 g
g e e - - S
© - 40 E
8 [ 8
" vy =
Iﬁ q Good cycling stability and rate |- 20 §
0 - I
| L 0
] = 1 ] | i 1] 1 ] ]
0 10 20 30 40 50 2000 4000 6000 8000 10000

Cycle number

115



Table S1. Fitting results for the NbN component within the NbN@C composite material based on (a);

FT-EXAFS spectrum and a perfect Fm-3m crystal model.

L Bond Debye-Waller
Coordination . )
Model Path distance factor (A%) R-factor
number
(A)
Nb-N 8 495 & 2.5 0.02051
Fm-3m : . 0.04385
Nb-Nb * 990 & 312 0.00036
SRR
* (Ns are less than standard values.
HM:F m -3 m #225  Defects exist at Nb sites.
a=4.394A
b=4.394A
c=4.394R Standard CN:

a=90.000°
p=90.000°
y=90.000°

Nb-N: 6.0
Nb-Nb: 12.0

What 1s the actual chemical

formula of NbN@C?

(b),

Perfect NbN Stable Li-intercalation @ x=0.03, AV < 2.0%
I II Li-intercalated [II s
e L 4
- : g 24} ! -
- H ';
< of = 0 %’
w & I NbNLijy [,
*:@Nb; OLi* ON |2
7~ 3
NbN “0:%3% (Li content) %06
Defective Nb, --Na one Stable Li-infercalation (@ x=0.469, AV <7.0%
I prist I Li-igte ca ated_ Il 16 NONG@C T 7Y e
0.8 ;'—‘_'_‘_,.—-Q -5
s G : 5 —
0 L o | &
c 0.0 — 0>
o g—* s
oaft ] & i 5
- ng0.75N0.9Q6L10.4§9
d-NbN 16406 0438 qaea; 05 0

0.469 LY

X (Li content)”

The insertion energy F,, that originates from the Li-ion interca-
lation is defined as follows:

En =(Ex—E —xp)fx (3)

where [; and F are the total energies in original and Li-ion
intercalated materials, respectively; i, is the chemical potential
of a Li-ion, and x is the number of Li-ion stabilized in the active
material *!l A positive Ej, value indicates an endothermic reac-

AE,, >0, endothermic reaction
(L1 unstable intercalation)
AE,, <0, exothermic reaction
(L1 stable intercalation)
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