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Research progress of zinc germanate—based long afterglow
luminescence materials

LU De-qiang, KONG Teng—fei, FAN Zhi—qin *
(College of Sciences, Henan University of Technology, Zhengzhou 450001, China)

Abstract ; Zinc germanate (Zn,Ge0O,, ZGO) is a wide bandgap semiconductor material with natural de-
fects and unique lattice structure, which can be used as a substrate material for new light—emitting de-
vices. In recent years, Zn,GeO,—based long afterglow luminescence materials doped with different ions
have been extensively studied. Compared with other matrix materials, Zn,GeO,—based long afterglow lu-
minescence materials have excellent luminous intensity and high stability, and have the broad application
prospects in the fields of optoelectronics, biological imaging, security identification and anti—counterfei-
ting. In this paper, the recent research progress of the preparation, performance and application of zinc
Zn,Ge0,—based long afterglow luminescence materials are reviewed, and its future development is pros-
pected.
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Fig.2 The structure of Zn,GeO,(a) and Zn,GeO,:Eu*" (b) and
the XRD of Zn,GeO, : Eu™ (¢)
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Fig.3 Schematic for the growth mechanism of various Zn, GeO, :
xEu™ nanostructures with di erent Eu™ - doping concentra-

tions! !
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Fig.6 Concentration dependent PL spectra ( A) and lumines-
cence decay curves (B) of Zn,GeO, :xMn** (x=0.01, 0.02, 0.
03, 0.04, 0.05, 0.06) ¥ ; (C) Decay curves (monitored at
532 nm) of Mn® doped phosphor samples (a) ZGOM, (b)
ZGOM-0.5Ge0,, (c) ZGOM-1.0GeO,, (d) ZGOM-1.25
Ge0,, (e)ZGOM-1.5Ge0,and (f) ZGOM-2.0GeO, measured
at 298 K; (D) Emission spectra of Mn** doped phosphor sam-
ples: (a) ZGOM, (b)ZGOM-0.5Ge02, (¢) ZGOM-1.0
Ge02, (d) ZGOM-1.25Ge0,, (e) ZGOM-1.5Ge0O,and (f)
ZGOM-2.0GeO,; (E) Dependent of luminescence intensities
and central emission wavelengths of the Mn>* doped samples on
the concentration of Mn>* at (a) 0.05, (b) 0.5, (¢)1, (d)3,
(e)5, (f)7 and (g) 9 mol% of Zn**
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Fig.7 (a) Persistent luminescence intensity of Zn,GeO, : Mn>*

Pr** at 535 nm against pH, Inset are photographs of ZGMP so-
lutions at pH 2.0 and 7.0 under natural light and 254 nm UV
lamp; (b) TEM images of Zn,GeO, : Mn** ,Pr’* at different pH
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Fig.8 (a) Emission spectra of samples with different annealing
temperatures; (b) The variation of fluorescence intensity of sam-
ples under different annealing temperatures; (c¢) Decay curves
under different annealing temperatures; (d) The variation of de-
cay intensity of samples under different annealing tempera-

tures L46]
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Fig.9 Anti-counterfeiting X —ray/UV graphics using lithium—
doped Zn,GeO, : Mn** PLNPs ™!

1.3.2 A=Wk I Ko Ji A% i,

TR BEFAS O BT BH A BURE 9 pH. 1 Jiy
PEFNREUREE DAL S A PR RE , 7T DL 5 B A R
GEAAE R D AT IREF A T A W AL 2L b e Fk:
Mo Wang P R T —F T Zn, GeO,
Mn** , Eu™ (ZGME ) K A& SGAN K IR I 1 1 72 4
(1% 36 4 PR IR G 22 W BEH I 72 ( ELISA ) , FH T I 45
YRt SR A(OTA) . WK 10 i, (%A
OTA I}, %] 25 B4 23 1 22 R i A W R, VS W pHL AR,
1Ml ZGME W9 A& 56X pH BB, it 25 F: 30 ZGME
BICIIPER . MAETE OTA B, OTA 240 45 45 4 1%
fRI7= A, i385 ZGME (1) %, ik 2RI /Y B 19,



34 PSR A BRI R A RO RISt 161

Li S P 68 R S K AR R R (19 pHL IR o7
PERE , BLITHIHS Zn,GeO, : Mn™ , P 50t I T 1L
R AR B B M, SR GETTIA AL, Tk
A SRR A 00 R R B 14 A AR 2 R P L, R
K, T A BB MR R R A LR S 5 B 261 R
S5 IR B pH RS RE S AR S A W) 1 R4S
A Z BN

10 ZGME FHT OTA Kl iy T4 pL3 >
Fig.10 Working mechanism of the ZGME for OTA Detec-
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Fig.11 (a) Invivo NIR luminescence images of a normal mouse
after intravenous injection of Gd (IIT) —PLNPs"*); (b) In vivo
MRI images of the mouse before and after intravenous injection

of Gd(III) -PLNPs"*

T RABRIE (2 Annr 488 7 R0 458 il B IR B BE A b
Rhr I sl 2% BT RE 2R, DAL A LA A M Pk e F ik
ZLAMAERE, (3) el S BLER IR B LA BHIN 2 68
P75 2R 2 Re S A, AR RN YT
FECFIDRETE . (4) Qnfar DAk FO4e & B IR B BE AL b
BRI AP R 2 e AT B fg 55 LA
PR HAE A B2 U W (5) Jnfar & FiR)
FHEE R PERL RO RL BB B 45 T 20 B BLRAE T~
B R RIS IR AR | DU B HRR 2 i 5T AR R A
Bro Zf BRTR BEIRPERE ROUMRHE —F A E K
TR AT 5 09 AR R (B AR i — DR AR
A%,

SE Lk

[1]Zhou B, Yan D. Long Persistent luminescence from metal—
organic compounds: state of the art [ J]. Advanced Func-
tional Materials, 2023, 2300735.

[2]Lou C, Fu J, Tang M, et al. Preparation and application of
rare earth sulfides [ J]. Scientia Sinica Chimica, 2021, 51
(7). 803-830.

[3]Jiang R, Yang J, Meng Y, et al. X—ray/red-light excited
7ZGGO:Cr, Nd nanoprobes for NIR - 1/1I afterglow imaging
[J]. Dalton Trans, 2020, 49(18) : 6074-6083.

[4]Wang Y, Gong Y, Xu X, et al. Recent progress in multicol-
or long persistent phosphors [ J]. Journal of Luminescence,
2013, 133, 25-29.

[5]Smet P F, Van Den Eeckhout K, Bos A J J, et al. Temper-
ature and wavelength dependent trap filling in M, Si; Ny : Eu

(M=Ca, Sr, Ba) persistent phosphors [ J]. Journal of Lu-



162 DRERRL S AR F o4 29 %

minescence, 2012, 132(3) . 682-689.

[6]Li H, Pang R, Luo Y, et al. Structural micromodulation on
Bi’* - doped Ba, Ga, GeO, phosphor with considerable tun-
ability of the defect—oriented optical properties [ J]. ACS
Applied Electronic Materials, 2019, 1(2) . 229-237.

[7]Zhang Z, Mei L, Liu N, et al. Preparation, crystal struc-
ture and photoluminescence properties of novel red—emitting
phosphor Mg,Gd,Ge, 0,,: RE* (RE=Sm, Eu) with high
thermal stability [ J]. Journal of Luminescence, 2021, 240.
118414.

[8]Gupta S K, Sudarshan K, Modak B, et al. Interstitial Zinc
Boosted Light Tunability, Afterglow, and Ultrabright White
Emission in Zinc Germanate (Zn,Ge0,) [J]. ACS Applied
Electronic Materials, 2023, 5(2): 1286—1294.

[9]Gao D, Gao F, Kuang Q, et al. Zinc germanate nanophos-
phors with persistent luminescence for multi—mode imaging
of latent fingerprints [ J]. ACS Applied Nano Materials,
2022, 5(7) : 9929-9939.

[10]Dolado J, Garcia—Fernandez J, Hidalgo P, et al. Intense
cold - white emission due to native defects in Zn, GeO,
nanocrystals [ J]. Journal of Alloys and Compounds, 2022,
898 162993.

[11]Kim J S, Kim A Y, Byeon Y W, et al. Porous Zn,GeO,
nanowires with uniform carbon—buffer layer for lithium—-ion
battery anodes with long cycle life [ J]. Electrochimica Ac-
ta, 2016, 195, 43-50.

[12]Yao H, Zhang Y, Xu Y. Dopant concentration—dependent
morphological evolution of Zn, GeO, ; Mn**/Eu** phosphor
and optical temperature sensing performance [ J]. Journal
of Alloys and Compounds, 2019, 770, 149-157.

[13]Zhao Y, Feng S, Jiang H, et al. Catalyst—free growth of a
Zn,Ge0, nanowire network for high—performance transfer—
free solar—blind deep UV detection [J]. Physica E: Low—
dimensional Systems and Nanostructures, 2019, 107; 1-4.

[14]Wu S, Ma Q. Synthesis, characterization and microwave
dielectric properties of Zn, GeO, ceramics [ J]. Journal of
Alloys and Compounds, 2013, 567 40-46.

[15]Ma X H, Kweon S H, Im M, et al. Low—temperature sin-
tering and microwave dielectric properties of B, O;—added
ZnO— deficient Zn, GeO, ceramics for advanced substrate
application [ J]. Journal of the European Ceramic Society,
2018, 38(14) . 4682-4688.

[16]Yuan Y, Dai H, Chi H, et al. Atomically thin Zn,GeO,
nanoribbons ; facile synthesis and selective photocatalytic
CO, reduction toward CO [J]. ACS Materials Letters,
2022, 4(12): 2631-2637.

(171208, B AR R 5 5845 SRIRER R AR LA WF
et [J] A OeREPES TR, 2022, 13(02) : 51-
58.

[18]Liu Z S, Jing X P, Wang L. X. Luminescence of native de-
fects in Zn,GeO,[J]. Journal of the Electrochemical Socie-
ty, 2007, H500-H506.

[19]Wan M, Wang Y, Wang X, et al. Long afterglow proper-
ties of Eu®*/Mn** doped Zn,GeO,[J]. Journal of Lumines-
cence, 2014, 145. 914-918.

[20]Bai Q, Li P, Wang Z, et al. Inducing tunable host lumi-
nescence in Zn,Ge0, tetrahedral materials via doping Cr’*
[J]. Spectrochimica Acta Part A—molecular And Biomo-
lecular Spectroscopy, 2018, 199. 179-188.

[21]Zhang S, Hu Y, Chen R, et al. Photoluminescence and
persistent luminescence in Bi** —doped Zn,GeO, phosphors
[J]. Optical Materials, 2014, 36(11) . 1830-1835.

[22]Xing Z, Weng J, Ma C. Improvement on microwave dielec-
tric properties of Zn,GeO, via gallium doping [ J]. Journal
of Materials Science; Materials in Electronics, 2022, 33
(15): 11625-11631.

(23] U, A5 S0 R AT 56 Zn, GeO, : Mn™ SR OB K)
i o B AP E [ 1] K627z, 2019, 40 (02)
189-195.

[24]Gao G, Wondraczek L. Near—infrared down—conversion in
Mn** =Yb* co—doped Zn, GeO, [ J]. Journal of Materials
Chemistry C, 2013, 1, (10) : 1952-1958.

[25]ad i, BT, #45. (Zn,_ , Mg, ),GeO, : Mn® {558 1
BRSO ERE [1]. 6244, 2017, 38(09):
1161-1166.

[26]Sun X Y, He Z, Gu X. Persistent luminescence of Zn,
GeO, : Mn> /Pr** phosphors [ J]. Journal of Materials Sci-
ence; Materials in Electronics, 2018, 29(20). 17217 -
17221.

[27]Pan Y, Li L, Lu J, et al. Enhanced photoluminescence
and phosphorescence properties of green phosphor Zn,
GeO, : Mn®* via composition modification with GeO, and
MgF,[J]. Dalton Trans, 2016, 45(23) : 9506-9512.

[28] Dai G, Zhou W, Ma X, et al. Structure and magnetic
properties of Cr—Doped tin monoxide prepared by hydro-
thermal method [ J]. Ceramics International, 2020, 46
(9) : 13350-13355.

[29]Wu S, Wang Z, Ouyang X, et al. Core—shell Zn, GeO,
nanorods and their size — dependent photoluminescence
properties [ J]. Nanoscale, 2013, 5(24) . 12335-12341.

[30]Li B, Song S Y, Sun X J, et al. Hydrothermal synthesis

and luminescent properties of flowerlike Zn, GeO, and



34 PSR A BRI R A RO RISt 163

Mn**-doped Zn, GeO, hierarchical architectures [ ] ].
Chemical Research in Chinese Universities, 2012, 28(5) ,
764-767.

[31]Srivastava B B, Gupta S K, Li Y, et al. Bright persistent
green emilting water — dispersible Zn, GeO,: Mn nanorods
[J]. Dalton Trans, 2020, 49(22) . 7328-7340.

[32]Lan N, Kien N D T, Tuan T Q, et al. Analysis of the
structure and luminescence properties of Zn,Ge0, : Eu™* ac-
cording to Judd—Ofelt theory [ J]. Luminescence, 2022,
37(8) : 1404-1410.

[33]He H, Zhang Y, Pan Q, et al. Controllable synthesis of
Zn,GeO, : Eu nanocrystals with multi - color emission for
white light — emitting diodes [ J]. Journal of Materials
Chemistry C, 2015, 3(21) . 5419-5429.

[34]Lan N, Huan V P, Thong N H, et al. Characterization of
structural and optical properties of Mn** —doped Zn, GeO,
nanorods as an efficient green phosphor for solid — state
lighting [ J]. Luminescence, 2022, 37(4) . 577-587.

(35 XTI, A8 S 1 45 Bl A58 (ShSe, ) KK PH B FEL b
LHAEREWFSE [D]. AP R, 2016.

[36 ] Dolado J, Hidalgo P, Méndez B. Kinetic Study of the
Thermal Quenching of the Ultraviolet Emission in Zn,GeO,
Microrods [ J]. Physica Status Solidi-Rapid Research Let-
ters, 2022, 16(6) : 2100613.

[37]Dolado J, Rodriguez B, Martinez—Casado R, et al. Li—do-
ping effects on the native defects and luminescence of Zn,
GeO, microstructures: Negative thermal quenching [ J].
Acta Materialia, 2023, 245. 118606.

[38] Abdukayum A, Yang C X, Zhao Q, et al. Gadolinium
complexes functionalized persistent luminescent nanoparti-
cles as a multimodal probe for near—infrared luminescence
and magnetic resonance imaging in vivo [ J]. Analytical
Chemistry, 2014, 86(9) : 4096-4101.

[39] Cao B, Chen J, Huang R, et al. Axial growth of Zn,
Ge0,/Zn0 nanowire heterojunction using chemical vapor
deposition [J]. Journal of Crystal Growth, 2011, 316(1) .
46-50.

[40]Bai Q, Wang Z, Li P, et al. Utilizing Th™ as the energy
transfer bridge to connect Eu’*=Zn,GeO, host; Realization
of efficient Eu’* red emission [ J]. Materials & Design,
2016, 108: 597-607.

[41]Qi Y, Zhao L, Bian W, et al. Energy transfer between
Ce™ and Sm™ in Zn,GeO, phosphor with the native defects
for light — emitting diodes [ J]. Chinese Optics Letters,
2017, 15(8) : 081608.

[42]Peng X, Tang Z, Luo Y, et al. Visual color modulation

and luminescence mechanism studies on Mn/Eu co—doped
Zn—Mg-Ge—-0 long afterglow system [ J]. Ceramics Inter-
national, 2020, 46(9) . 14005-14018.

[43]Cui Z, Deng G, Wang O, et al. Controllable Synthesis and
Luminescence Properties of Zn,GeO, : Mn** Nanorod Phos-
phors [ J]. ChemistrySelect, 2021, 6 (39): 10554 -
10560.

[44]1i J, Huang X, Zhao X, et al. pH—responsive torpedo—
like persistent luminescence nanoparticles for autofluores-
cence—{ree biosensing and high—level information encryp-
tion [ J]. Angewandte Chemie International Edition in Eng-
lish, 2021, 60(5) : 2398-2405.

[45]Chi F, Wei X, Jiang B, et al. Luminescence properties
and the thermal quenching mechanism of Mn®* doped Zn,
GeO, long persistent phosphors [ J]. Dalton Trans, 2018,
47(4) . 1303-1311.

[46]Ye X, Zhao H, Wang Z, et al. Deep understanding the
effect of annealing temperature on fluorescence and persis-
tent luminescence properties of Mn doped Zn, GeO, films
deposited by RF magnetron sputtering [ J]. Applied Sur-
face Science, 2021, 570 151192.

[47]Gao D, Ma K, Wang P, et al. Tuning multicolour emission
of Zn, GeO, : Mn phosphors by Li" doping for information
encryption and anti—counterfeiting applications [ J]. Dalton
Trans, 2022, 51(2): 553-561.

[48]Yi Z, Huang W L, Xu Y.Dual-emitting ZIF-8 D4-MU@
7Zn,Ge0, : Mn*" nanocomposites for ratiomertic luminescent
thermometer and information encryption [ J]. Dyes and
Pigments, 2022, 205, 110522.

[49]Pan Z, Hu T, Shao K, et al. Multicolor afterglow and dy-
namic anti — counterfeiting application of calcium doped
self-activated zinc germanate long afterglow materials [ J].
Journal of Inorganic Materials, 2023, 1-10.

[50]Huang K, Dou X, Zhang Y, et al. Enhancing light and X-
ray charging in persistent luminescence nanocrystals for or-

Advanced

Functional Materials, 2021, 31(22) : 20099220.

thogonal afterglow anti — counterfeiting [ J ].

[51]Yin Z, Zhu L, Lv Z, et al. Persistent luminescence nano-
rods—based autofluorescence —free biosensor for prostate —
specific antigen detection [ J]. Talanta, 2021, 233,
122563.

[52]Wang Y, Yu L, Zhang H, et al. Competitive ELISA based
on pH-responsive persistent luminescence nanoparticles for
autofluorescence—free biosensor determination of ochratoxin
A in cereals [ J].Analytical and Bioanalytical Chemistry,
2023, 415(10) . 1877-1887.



