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Figure 1 Energy level diagram of trivalent RE ions with dominant visible emission transitions observed in silicate glasses designated by arrows

representing the approximate color of the fluorescence. Horizontal lines extending across the diagram designate the location of common organic

label excitation sources labeled by wavelength in nm. The 365-nm line was used to excite the RE ions!
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Figure 2 Schematic diagrams of upconversion processes [(a)~(d)]; Schematic diagrams of energy transfer processes occurring between the
same or different ions [(e)~(h)]. Upward (red) and downward (green) full arrows represent direct excitation and emission processes, respectively,
while blue arrows indicate energy transfer processes; |+ [+ . IV. Vrepresent different ions



TIRR, 5. Wi LB DO I TCEERE 117

I 75 7 %l Bh B¢ 8 1% i (phonon-assisted energy transfer,
PAT)id F¥ e R an i — 87, EEn &8 MWh
() 25 213 B 5 19 e 0 75 208 0 ny ) A2 St
(cross-relaxtion, CR) It F£ S Bl . 5 W1 Yb*" &5 1 M fk
Tm* &7 25 S e I A2 . FESRBRMBE AL, &
Xig 2 e KAAERMBUR S B 728, H0Hk
REZ 5 EAIBERE, — BN B FH I
R FEICHIKR, I H 4B AR R I A R 52
PR A X G IR s (4) A 1FE ¥ - (cooperative
upconversion, CU), BI85 1 7£ 4 UA 6 22 21
KRG FB K RE AL 6L T —FhE 1, K H IR B
RA G DR STROT I BRI RS KOG X FhE
PRV A AN S 2 T (R BE R 22 LUK AN AE 75 iR
KRR aed, BAE TR E A L LS IR E
BORA, RAMAEREANE T SEA T LG R 2]
BORA . IR Al B R R ROGRCREAR. ETU
et L) B e RO WL, R B R R
AT DL S R X — i R R . X YRR B
e i) i FE o AE B 2(a)~(d), i B A% 3 O R U
NAEE 2(e)~(h).

Br 7 b3 B DY Fh b ad B DAAN, O T
(photon avalanche, PA) 2 & — Fi | %% # & A 17 5,
HRZXFIRAEGKM B IEARE W, I HiZid 1K
TR, EOEOR SR 2B, itk
Gb, A M EEMHE VR ET RN T B
(energy migration-mediated upconversion, EMU). 2011
4, Wang 5FPMRGE T RERIER NS L REMU)IT

core interface shell
/\_[\ N /—\
ETU —
L

Yo'r Tm®  GdF Gdt X
()

FR[E 3(a)]. FEIXAMZSE R G G B Tk E g
B B K R 0 5 R LA S L G 1 e B i A . L
PRI R IR Y™ B TRk 980 nm I ' (1 g
B, PG RARS Tm™ B 7, 8 Tm™ L8 15
Mok, I EAEE AR A 0 A B AL B4 G T
(1P, B Gd™ B T 2 6] ) i B 3T A 4 1
KB P AEE RIS R o, (#5520 W Eu® . Th* .
Sm*. Dy**&E e LU A % bR sy Ase ol b
BRI TR G. BRILZ A, %R 4L 7E
2015 4E4RIE T 55— FiALL 0 LA To™ 55 F A~ S it L 1
i3I PR EL D R 355 2 Bu® B T
[ 3(b)]. I RE A% 7% 2 18 10 B B AL B4 T R e eh
LR, IFEIB AR RS A . B2kl
AR, TSI R 2 R R

1 B ERAAMEER

L) LR RS BT IR . IRPTEE AT,
IKBGEBTOZO] e R BRI TSR o R A ax e
AT LA B AR BITCK BRI RA R R HUIR i b
BRI BHE RO CRCR T R I e £, HEEHE K
FFEA AN T A e LA R A B 2 RO 2 AU 5 SR H 23
WK, MERNIS . RS — B 2R b
2K JURE (upenversion nanoparticles, UCNPs) £ i /9 24
NHIRTFRE . ST RSO &R, Rl
DR A ) P 1 e 1T LR LR ) B e i RO 1
e, P DA SOR 3 B/ 4R SR DT v 46 BG4 gl

core interface shell

LT

Yo Yo T 1o T Rl
(b)

B3 BTSN G AP T T S A R R RO T R (a): BRI SI T B T S A A Aok T b

H:3(b)
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Figure 6 Size-tuning of the NaGdF, nanocrystals. TEM images of NaGdF, : Yb, Tm nanocrystals prepared by adding 3.3 (a), 3.1 (b) and 2.7
ml (c) of NH,F/methanol solutions, respectively. TEM images of NaGdF, : Yb, Tm@NaGdF, : Tb core-shell nanocrystals prepared by adding
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precursor, NaGdF, © Yb, Tm@NaGdF, : Tb@NaGdF, core-shell-shell nanocrystals were prepared according to the inner shell coating process,
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Figure 8 Luminescence images [(a)—(c)] of porcine muscle tissue injected with different upconversion nanocrystals and the corresponding

emission luminescence spectra [(d) — (f)]. All images and spectra were taken under a 980 nm laser excitation with a power density of

approximately 0.2 Wecm™2. Note that the intensities of the two systems at 0 nm are almost the samel®!
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Figure 9 In vivo upconversion luminescence animal imaging study. PEG-UCNPs were injected into[(a), (d), (e)]translucent foot, [(b), (e), (h)]
below skin of back or [(c), (f), (g)] thigh muscles of mice show effective luminescence. (a)—(c) correspond to Kunming mouse with 100 wl of
2.0 mg/ml PEG-UCNPs; (d)—(f)correspond to Kunming mouse with 100 wl of 0.5 mg/ml PEG-UCNPs; (g)—(i) correspond to S.D. rat with 100
pl of 2.0 mg/ml PEG-UCNPsP!!
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Figure 11 The schematic diagram (left) and large-scale TEM image (right top) and HRTEM image (right bottom) of NaYbF4 I Er, Ce@NaYF,

core-shell nanoparticles (a); Simplified energy level diagram for energy transfer between Yb*, Er*", and Ce®" ions (b); Upconversion and

downconversion luminescence spectra of ErNPs doped with 0 and 2% Ce*" (c); Schematic illustration of the PMH coating and PEGylation

process of ErNPs (d); Cerebral vascular images in the NIR-IIb region after intravenous injection of ErNPs (exposure time: 20 ms) (e)°*
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Figure 12 Schematic diagram of cubic phase core-shell nanoparticles doped with Tm**(a); Large-scale TEM image of synthesized o-TmNPs
(scale bar 100 nm), with inset showing high-angle annular dark-field scanning TEM image (right top, scale bar 10 nm) and corresponding fast
Fourier transform pattern of the high-resolution image (right bottom, scale bar 1 nm) (b); Typical luminescence emission spectra of a-TmNPs
and B-TmNPs excited by a 980 nm laser, along with their corresponding intensities in the visible and near-infrared regions, with inset showing

NIR-IIb fluorescence images of a- and B-TmNPs (c)!**!
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Figure 13  Schematic diagram of orthogonal excitation of CSNPs’ upconversion and downconversion radiation in vivo therapy. The
construction of CSNPs and the corresponding up/downconversion emissions upon dual near-infrared excitation (a); The synthesis of CSNPs-Cy-
GSH-HA-cRGD (b) and its application in activatable NIR-IIb imaging-guided PDT (c)!'!)
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Figure 15 Digital image of the “dragonfly on lotus” pattern, printed using ZLGO : Mn-900 fluorescent powder (dragonfly) and ZGGO : Cr,
Yb, Er-1300 fluorescent powder (lotus), with five modes (PL, PersL, UCL, PSL, and PSPL) is presented. The design of the “dragonfly on
lotus” pattern (a). PL and PersL images [(b)~(f)] under 365 nm UV light irradiation (5 min) and after irradiation. UCL + PSL and PSPL images
[(g), (h)] under 808 nm NIR laser diode irradiation (0.3 W) and after irradiation. UCL + PSL and PSPL images [(i), (j)] under 980 nm NIR laser
diode irradiation (0.6 W) and after irradiation. UCL + PSL imaging was performed after the dragonfly and lotus were rendered invisible to the

naked eye. Imaging parameters were manual/ISO 3200/4 s [(b)~(g), (i)], and imaging parameters were manual/ISO 3200/15 s [(h), (j)]'"'?!
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Figure 16 Three overlapping patterns are printed with different Tm z-dots : (Cy, * C;,) 20 © 4 for the “Macquarie University” logo, 20 : 1
for the “Sydney Opera House” image, and 20 . 0.5 for the “Sydney Harbour Bridge” image. Intensity-based luminescence imaging only
gives a complex picture (a), but time-resolved scanning separates the patterns based on the lifetime components of every pixel (b), so that
genuine multiplexing information contained in the same overlapping space of the document can be decoded, pseudocolour is used to indicate the
luminescence lifetime for each pixel(c). All images scale bars are 5 mm!!!]
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Figure 17 Schematic diagram of multi-emission streamline digital images measured using capillaries with diameters of 75, 100, and 150 pum,

with both minimum and maximum flow rates (blue and green hexagons represent the maximum values of blue and green emissions) (a);
125]

Experimental velocity (color symbols) and predicted velocity (black symbols) of multi-emission particle velocity measurement (b)!
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Figure 18 Schematic diagram of the upconversion luminescence mechanism sensitive to velocity (a); Photograph of the fluid inside the tube
excited by a 980 nm laser at different flow rates (b); Upconversion spectrum captured at a flow rate of 6% Ce-doped sample (c); Corresponding

emitted colors on the chromaticity diagram (CIE1931) (d)!'*)
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Research Progress of Rare Earth Doped Upconversion Luminescent
Materials

Jia Song, Wang Xuefei’, Shi Yishi

School of Chemistry Engineering, University of Chinese Academy of Sciences, Beijing 101408, China

Abstract: Upconversion luminescence is a kind of anti-stokes shift luminescence. The upconversion luminescent materials which
usually composed by rear earth elements and have some properties superior to ordinary organic materials, such as long luminous
lifetime, photobleaching resistance, narrow emission bands and so on. Therefore, this unique phenomenon that absorbing low
energy photons and emitting high energy photons has been attracted the attention of researchers in many fields. In this review,
the most common mechanism of energy transfer upconversion was described in detail, two types of complexed lanthanide ions-
mediated energy migration upconversion mechanism that realized though core-shell structure and other upconversion mechanisms
were also introduced. The synthesis methods that most widely reported Co-precipitation method in recently for preparing core or
core multi-shells upconversion nanoparticles and hydrothermal method that widely used for preparation bulk materials were
introduced. Importantly, due to the abundant emission bands of these lanthanide doped nanoparticles and the strongly penetration
of near-infrared laser, these nanoparticles have been used in biological domain, such as photodynamic therapy to eliminate
tumors or some bacteria, cell and tissue imaging that achieved sub-centimeter depth. In addition, colorful upconverison
luminescent materials with the feature of multi-mode color tuning were used in high-level anti-counterfeiting, optical information
storage and transparent display. Furthermore, the upconverision nanoparticles are expected to be applied to the engineering
projects based on the changes of emission characters that originated form the influence of the temperature or fluid rate to the
population of lanthanide ions and this non-invasive optical method requires simple equipment with low cost that could obtain
accurate results. Besides, the upconversion materials that excited by near-infrared light seems like more promissing to use the
solar energy, more photocatalysts base on the upconversion materials that used the near-infrared light as the excitation resource
rather than visible or ultraviolet light. So far, more and more nano-scale upconversion materials have been reported and used
instead of bulk materials, because of their extraordinary modification potential though the construction of core-shell projects.
However, the biggest obstacle limiting the applications of upconversion luminescent materials remains the extremely low
quantum yield. In addition to the reason of the upconversion mechanism itself, the absorption cross-section of the lanthanide
elements is too small and cannot be compared with organic dyes.The problem of low luminous efficiency needs to be solved
urgently. On the premise of ensuring functionality, the structure of upconversion nanoparticles should also be simplified to
reduce the difficulty of synthesis and elevate synthesis yield, and some new generation mechanisms for upconversion
luminescence modulation needs to be found that requires the joint efforts of more relevant researchers to expanding the
applications of upconversion luminescent materials.

Keywords: rare earth elements; upconversion nanoparticles; lluminescent materials; doping



