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Chemical compounds containing at least one oxygen atom as well as at least one metallic element.




A light emission which represents an excess over the thermal radiation and lasts for a time
exceeding the period of electromagnetic oscillation.

A form of cold-body radiation vs. incandescent light.

Loses correlation between phases of absorbed and emitted light vs. reflected and stray light.
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‘Afterglow’ traced back to ~1000 years

First observed fluorescence from quinine by
Sir J.F.W. Herschel in 1845

G.G. Stokes coined the term ‘fluorescence’
in 1853

E. Wiedemann used the term
‘luminescence’ in 1888

Basic principles of fluorescence were
mostly developed during the 1020’s and
1930’s:

Excited state lifetime (Gaviola)
Quantum yield (Wavilov)

Polarization of fluorescence (Weigert, F.
Perrin)

Jablonski diagram (A. Jablonski)

Fluorescence resonance energy transfer by
T. Forster in the 1950’s

Upconversion by F. Auzel in the 1960’s
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# emitted photons
# absorbed photons

QE =

Ph-Pa
La-Lb

L,: total # of incident photons

L,: total # of photons not absorbed by the phosphor
P,: dark signal in the emission wavelength area

P,: total # of photons emitted in emission wavelength

area



MANY PHOTONSS (hvgy & hvgy,) AND MANY ESCAPE DOORS
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Objectives:

d To search new host materials

4 To develop nanoscopic light emitters

J To explore strategies to enhance luminescence
d To understand structured-related mechanisms




In general and potentially:

High quantum efficiencies, sharp emission peaks, high photostability, emission wavelength
tunability, and may emit light when irradiated by ionizing radiation

Bioimaging:

Organic dyes: suffer from photobleaching and broad emission
Quantum dots: exhibit toxicity

Lanthanide-doped NPs:

(1) wide excitation range: UV to NIR
(2) broad emission wavelengths
(3) enhanced photostability minimizes the autofluorescence and scattering of light

(4) !arge Stoke. 3 S,hlft o due to parity forbidden transitions occurring within 4f
(5) increased lifetimes (milliseconds) shell shielded by 5s and 5p orbitals,
(6) upconversion emission, and

(7) high water dispersibility, biocompatibility, stealthy nature and preferably targeting ability
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Pyrochlore
A MO

2277

Dis/ordering of cations and
oxygen vacancies

—>
La,Zr,0,: ~1000°C

fluorite < r,/ry; = 1.46 <pyrochlore

One Raman peak .A3+ @ M+ .8c 0 O48f0 OSb 0 .Ovacancy Six Raman peaks

> Refractory with m.p. > 2500°C

> Challenge to synthesize, especially @ nanodomain

> To make metastable phase if synthesis temp. is lower
than phase transition temp.



RE(NO,) +MOCI +Eu(NO),

precipitation

washing
drying

RE(OH),-Eu(OH) -MO(OH),-nH,0 precursor
2 NaNO3

KNO

3

calcination m
-

grinding 6h at 650°C

washing
drying

Benefits of the MSS Process

= Lower temp. + evener distribution: Solid-state synthesis vs. MSS
= Soft aggregates: sol-gel method vs. MSS

= Particle size reduction: flux method vs. MSS

= No milling or surface dead layer

RE,M,0:Eu** NPs

uoneziisyoeieyd



A, =306 nm

—+—LHO

S

s

2

7

c

E

£

c

2

»

R

£

w

300 460
E (eV)
? | CB |

5 - 3 VOH
4 —

560 . 660
Wavelength (nm)

Red emission -707 nm

+2
VO

Violet-Blue emission-392 nm

VB

LaZZr207

T
700

CB

VB

La,Hf,0,




b Bl L. Hf O Eu”
167 B La,2r,0,:Eu”
14 -
S o > PL: peak at ~5% Eu3*.
o > QY: La,Hf,0, > La,Zr,0,.
S 10 -
P
: N | 6
S 6 407r: [Kr]4d25s2 0.72
45 72Hf: [Xe]4f'45d26s2 0.71
2 =
0

1 3 5 10 15 20 25 30 35
Eu concentration (mol%)

Change of M#* cations in ionic A,M,0, compounds:

- Affects crystal field splitting (CFS) of Eu3* ions
- Changes the charge cloud of Eu3* ions
- Varies QY



Medicine

Photoluminecence (PL) Radioluminecence (RL)
(~ eV) (~ MeV, GeV)
N
el L ! RL A
1§ £ -
- Security
ce. . |
2
S I : F N
!
Emission | Emission . . o
R0 i G > Expanding applications of ionizing radiation
! scintillation detectors
Emission |Center \_ Host Material | . . .
ve. — > The progress on new scintillators is slow

> The use of high quality single crystals is not the
only way to achieve better scintillation properties



Gdsz207: 5% Eu3+

Order Pyrochlore

Disorder Fluorite

1100 °C

1300 °C

Tunable Radioluminescence

> > > > >

> Tunability of RL color: red > orange
> Strategy for designing advanced optoelectronic materials
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>Shell: eliminates surface defects

Eu:La,Zr,0,@YBO,; NPs

>Charge carriers: transfer from shell to core

>PL & RL: increased ~2 times




Lasz207 NPs

Low CCT
Warm

Multicolor
phosphor
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> DOE: WLEDs will save >20% electricity
(2010-30)

> Deficiency of the red light component in Dy,Tb.Eu:La,Hf,0, NPs
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For harsh environments

High spatial resolution

Rapid response

Non-invasive operation

To reduced areas

Offering sub-micrometric resolution
High accuracy

UV LASER

FLUORESCENCE

LENS
OPTICAL FIBERS

l LIGHT DETECTOR

ELECTRIC SIGNAL

~ | ANALYZER

TURBINE
HOUSING

Current thermographic phosphors
are restricted to bulk samples with
moderate sensitivity and
intermediate temperature range
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Luminescence

Luminescence
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> High activation energy: 0.425 eV
> Highest relative temperature sensitivity (S;)

> Contributions: high QY, good PL and RL
properties, high lifetime, and excellent

thermal stability.

Collaborative work with Dr. Alex Puretzky at ORNL



ranium doping

U
Q,,

La,Hf,0, Pyrochlore Pyrochlore

,_
2

Suitable properties of nuclear waste hosts:

= large containing capability

= high thermal stability

= good radiation stability

high chemical stability

resistance to radiation-induced amorphization
negligible leaching

etc.

> Uranium and its radioactive isotopes: a high-
level of nuclear waste

> La,Hf,0, NPs: U-doping induced phase
transformation

> Speciation studies of uranium ion in A,M,0,

compounds: uncharted and vague



a) La,Hf,0:10%U | Structural Evolution of La,Hf,0,:10%U NPs
950°C
900 C

> La,Hf,0, NPs as nuclear waste host: reversible
850°C phase transition — observed for the 1st time

Intensity (a.u)
Heating up

La,Hf,0,:10%0

/\_/\ 950°C
900°C
850°C

800°C
w
600°C
500°C

Cooling Down

?0
Intensity (a.u)

300°C
200°C

30°C

200 400 600 800 1000
Raman Shift (cm™)

Collaborative work with Dr. Alex Puretzky at ORNL



Disordered Fluorite Ordered Pyrochlore
lagﬁf20?$§u3+ : lqufZG?*gu *

/’ Ty A
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P La,Hf,0,:Eu _ P LuHA,0.E [
¥ Order Pyrochlore Disordered Fluorite
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y-ray irradiation impact on A,Hf,0,:5%Eu NPs

> Fascinating behavior from lanthanum (f°) hafnate and lutetium (f'4) hafnate

> Two extreme compositions with the maximum and minimum ionic radius ratio rgg/ry of the
studied RE,Hf,0,:5%Eu NPs

> Beneficial for fundamental U chemistry and nuclear industry

Collaborative work with Dr. Don Wall group at WSU



precursor

melted salt

Stage Il

elting of salt
diffusion of precursor

Stage III 5
nucleation Crystal structure engineering
growth

« Molten-salt synthesis method for A,M,0O, NPs with different doping levels,
compositions and crystal structures

» Several strategies to tune the spectral features of these NPs
» Explored both PL and RL of these phosphors and scintillators

» Have great potentials for broad optical applications
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J. Phys. Chem. C 2017, 121, 5539—5550
Anal. Chem. 2017, 89, 1276412770

Materials which emit in the UV, VIS and/
or NIR spectral regions for minutes,
hours or even days after ceasing the
excitation irradiation

New applications spontaneously set more
requirements on design methodology,
morphology, and functionalization of
PLMs

New applications also promote the
development of new PLMs

Bioimaging/Diagnostics

> Need to avoid tissue autofluorescence and weak tissue
penetration

> Urgent need for PLM NPs with bright luminescence and
long afterglow

> To understand their biodistribution in vivo



% Conveniently excited through its bandgap by UV light
< Emit s around 695 nm via the 2E > 4A, transition of Cr3*

% Matches the optical window of biological tissues

% Use of a small dopant concentration (0.5%) and similar
dopant size (Cr3* vs Ga3*) - reduce the occurrence of
defects and avoid potential loss centers

< AB,O, compound, spinel structure

% Zn%* and Ga3* ions occupy tetrahedral A
and octahedral B sites, respectively

> The currently synthesized Cr:ZnGa,O, NPs: 40-150 nm, polydisperse

> No sub-10-nm persistent nanophosphors synthesized yet
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An optical process that emits high-energy photons
by absorbing two or more low-energy
photons, which is caused by anti-Stokes
luminescence

w
o
o

Optical Loss of Human Skin

100+

Loss Coefficient: In(///,) (cm-')

200+

Biological Window |~ Totl
for OTN-NIR |7 " Scattering
"""""" ' | (over-1000-nm NIR) '

@ kex® )Vom.Hoa. )‘em.Ers‘ @

1000 1500
Wavelength (nm)

Small 2018, 14, 1801882

B — 1 3
42
hv.
2
hv.
hv1 hv2 3
2
hv1 ‘
—1 Y 1
Conventional Upconversion
luminescence luminescence

Energy
Energy

http://dcbwww.unibe.ch/groups/guedel/images/res/upc.GIF



UC intensity (a.u.)

(b) —— LZO:ErYb-OLi
—— LZO:ErYb-1Li
—— LZO:ErYb-2Li
——— LZO:ErYb-5Li
—— LZO:ErYb-10Li
w— | ZO:ErYb-15Li
3
s
2
7]
§
£
200 ' 4:)0 ' 6(')0
Raman Shift (cm™)
2104 T LZO:ErYb-OLi
— L. ZO:ErYb-1Li
1 =—LZO:ErYb-2Li
xto'd | — LZO:ErYb-5Li
——— LZO:ErYb-10Li
—— | ZO:ErYb-15Li
9x10° -
4 Aex = 980 nm
6x10° -
| 4830151
Er3* ions
3x10° -

2 4
| Hio—>1s1

2x10" -

Emission Intensity (a.u.)

v v T
500 550 600

Wavelength (nm)

Li* co-doping induced phase transition

Er,Yb:La,Zr,0, NPs

1x10 -

9x10°

6x10° -

3x10° -

~—m— Green emission
—®— Red emission

/ N

\.\.
f'/

Li* concentration (mol %)



Cr3* co-doped
ZnGa,0,:Yb3*Er3*

256 nm UV excitation
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Photo- & Radio-
Luminescence
A,M,0, NPs:
Molten-salt synthesis

6 Spectral tuning strategies
Warm white light

Luminescence thermometry
Actinide Immobilization

Molten Salt
H Synthesis

Pyrochlore Phase

Upconversion

Er,Yb:La,Zr,0, NPs:

Li*-co-doping

Phase-transition induced UC enhancement
Cr,Er,Yb:ZnGa,O, NPs:

Thermal-treatment induced even distribution
Singular red emission

"4

Persistent Luminescence
Cr:ZnGa,0, NPs:

Bi-phasic synthesis
Hydrothermal synthesis
Smallest particles

Red persistent PL
Bioimaging



Thank you for your attention!

Any questions/comments?



