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Enhancement of long-lived luminescence in
nanophosphors by surface defect passivation†

Linna Fu,‡a Jie Wang, ‡ab Na Chen,b Qinqin Ma,b Danqing Luc and
Quan Yuan *ab

Herein, we found that surface defects quench persistent luminescence

in nanophosphors. Passivation of surface defects by thermal treatment

or surface coating can effectively enhance the intensity and prolong the

decay time of persistent luminescence. The surface passivated persistent

nanophosphors are promising in autofluorescence-free bioimaging and

time-gated steganography.

Persistent luminescence (PersL) is an optical phenomenon
whereby afterglow remains for seconds or even months after
the stoppage of excitation.1,2 With their unique luminescence
properties, persistent phosphors have long been used in areas
including security signs, traffic signage dials, and decoration.3 In
the past few years, with the development of persistent luminescent
nanoparticles (PLNPs), the application of persistent phosphors has
been extended to biosensing,4–6 bioimaging,7–11 and cancer
treatment.12–19 In biosensing/bioimaging, PLNPs can eliminate
autofluorescence and light-scattering interference by collecting
PersL signals after removing the excitation, leading to a signifi-
cantly improved signal-to-background ratio and sensitivity.4,10 As
for cancer treatment, particularly in photodynamic therapy,18,19

the excitation energy can be trapped by PLNPs and slowly released
to activate photosensitizers after the excitation ceases. In this way, a
single dose of excitation can continuously generate reactive oxygen
species for cancer treatment, minimizing the tissue damage
associated with continuous irradiation. PLNPs hold great
potential in biosensing, bioimaging and cancer treatment.

It is generally accepted that PersL originates from the crystal
defects in phosphors.20–22 Defects refer to the irregular arrangement

of atoms in the crystal, such as vacancies and interstitials.23 Upon
excitation, charge carriers are generated in persistent phosphors,
and the charge carriers can be trapped by the defects. Under
thermal or optical stimulation, the trapped charge carriers can get
out of the defects and further recombine to generate the PersL.24

Researchers have shown that PersL can be enhanced with increased
amounts of defects in the phosphors, while a high density of defects
will quench the PersL due to the concentration quenching effect.25

Although much effort has been made in studying the relationships
between crystal defects and PersL, the effects of surface defects on
PersL in persistent phosphors, particularly in PLNPs, remains
largely unexplored. Surface defects are produced for the balance
of charge due to the abundantly exposed atoms on the nanoparticle
surface.26–28 Surface defects widely exist on PLNPs and influence the
luminescence properties of PLNPs. Studying how surface defects
regulate PersL can contribute to the research on the PersL
mechanism and provide valuable instruction for optimizing
the performance of PLNPs in biomedical applications.

Herein, we show that surface defects quench PersL in PLNPs.
Passivation of the PLNPs surface can effectively enhance the
intensity of PersL and prolong the decay time. Zinc gallogermanate
PLNPs with near-IR emission were used as the model in this study.
Thermal treatment and surface coating were employed to passivate
the surface defects on ZGGO:Cr PLNPs (Scheme 1). The thermally
treated ZGGO:Cr PLNPs and surface coated ZGGO:Cr PLNPs all
show enhanced PersL intensity and increased decay time
compared to the untreated ZGGO:Cr. We further investigated
the applications of the surface passivated ZGGO:Cr PLNPs in
autofluorescence-free bioimaging and time-gated anticounter-
feiting. The surface passivated ZGGO:Cr PLNPs display a much
higher signal-to-background ratio and sensitivity than the
untreated ZGGO:Cr PLNPs in in vivo imaging. Furthermore,
the surface passivated ZGGO:Cr PLNPs can serve as time-gated
invisible ink for steganography due to their long-lived luminescence.
Our work may shed new light on the relationships between crystal
defects and PersL, and may provide valuable instructions for the
design of PLNPs with bright PersL for biomedical and informatics
applications.
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The zinc gallogermanate (Zn1.2Ga1.6Ge0.2O4:Cr, ZGGO:Cr) PLNPs
were synthesized through a hydrothermal protocol.26 Thermal
treatment29 was used for surface passivation of the ZGGO:Cr
PLNPs. Fig. 1a and b show that both ZGGO:Cr and the thermally
treated ZGGO:Cr (T-ZGGO:Cr) PLNPs are well-dispersed. Mean-
while, the morphology and size of the PLNPs are uniform. High-
resolution transmission electron microscopy (HRTEM) images
of ZGGO:Cr and T-ZGGO:Cr PLNPs (inset in Fig. 1a and b) show
clear lattice fringes, revealing that ZGGO:Cr and T-ZGGO:Cr
PLNPs are highly crystallized. The size distribution analysis
suggests that thermal treatment does not influence the size
of the ZGGO:Cr PLNPs (Fig. 1c and Table S1, ESI†). Both
ZGGO:Cr and T-ZGGO:Cr PLNPs have an average diameter of
around 13 nm.

The luminescence properties of the ZGGO:Cr and T-ZGGO:Cr
PLNPs were further studied. As shown in Fig. 1d, the emission
peak at around 700 nm is attributed to the 2E - 4A2 emission of
Cr3+.3 The luminescence decay curves in Fig. 1e show that
T-ZGGO:Cr PLNPs possess stronger PersL intensity than the
ZGGO:Cr PLNPs. The PersL properties of ZGGO:Cr and
T-ZGGO:Cr PLNPs were further mapped with an IVIS imaging
system. Both PLNPs display PersL that remains for over 30 min,
however a stronger PersL intensity from T-ZGGO:Cr PLNPs is
observed (Fig. 1f). The luminescence intensity shown in Fig. 1f
was quantified and is presented in Fig. 1g, clearly showing
stronger PersL in T-ZGGO:Cr PLNPs. The thermoluminescence
(TL) in ZGGO:Cr and T-ZGGO:Cr PLNPs was further measured
(Fig. S7, ESI†). An obvious enhancement of TL intensity at
around 130 1C was observed. The TL peaks in the region of
50–150 1C are the main sources of PersL.30,31 Thus, the
enhanced TL again indicates the increased PersL intensity in
T-ZGGO:Cr PLNPs. Previous studies have shown that an amor-
phous phase existed on the surface of nanoparticles, where the
surface defects quench the luminescence of nanophosphors.
Thermal treatment can improve the surface crystallization of
nanoparticles and passivate the surface defects.29,32 Therefore,
we reason that thermal treatment can promote the crystallization
of the amorphous phase on ZGGO:Cr PLNPs, leading to the
passivation of surface defects and the enhancement of PersL.30

To further confirm the phenomenon that surface defect
passivation can enhance PersL in PLNPs, the classic surface coating
method28,29 was employed to passivate the surface defects on
ZGGO:Cr PLNPs. Specifically, core–shell structured Zn1.2Ga1.6Ge0.2O4:
Cr@ZnGaO4 (ZGGO:Cr@ZGO) and Zn1.2Ga1.6Ge0.2O4:Cr@SiO2

(ZGGO:Cr@SiO2) PLNPs were prepared.33 The TEM images (Fig. 2a
and Fig. S8, ESI†) show that the as-synthesized ZGGO:Cr@ZGO
PLNPs display a uniform quasi-spherical shape. The average
diameter of the ZGGO:Cr@ZGO PLNPs is about 15 nm. A high-
angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) image (Fig. 2a) clearly shows the core–
shell structure of the ZGGO:Cr@ZGO PLNPs.25 Regarding the
ZGGO:Cr@SiO2 PLNPs, a uniform quasi-spherical shape and
good dispersibility of the PLNPs are observed (Fig. 2b and
Fig. S9, ESI†). The average diameter of the ZGGO:Cr@SiO2 PLNPs
was determined to be about 18 nm. Moreover, the HRTEM image
shows the well-defined core–shell structure of the ZGGO:Cr@
SiO2 PLNPs.

The luminescence properties of ZGGO:Cr@ZGO and ZGGO:
Cr@SiO2 PLNPs were further investigated. The emission bands
of ZGGO:Cr@ZGO and ZGGO:Cr@SiO2 PLNPs peak at around
700 nm (Fig. S13 and S14, ESI†). The luminescence decay curves
in Fig. 2c show that ZGGO:Cr@ZGO and ZGGO:Cr@SiO2 PLNPs
possess stronger PersL intensity than that of ZGGO:Cr. The
PersL images mapped by an IVIS imaging system further
demonstrate that ZGGO:Cr@ZGO and ZGGO:Cr@SiO2 PLNPs
have much stronger PersL intensity and prolonged decay time
than those of the untreated ZGGO:Cr (Fig. 2d and e). Previous
studies showed that surface coating can passivate the defects
on core nanoparticles by means including filling the surface
vacancies, leading to an improvement in luminescence quantum

Scheme 1 Overview of surface defect passivation of PLNPs by thermal
treatment and surface coating.

Fig. 1 (a) TEM and HRTEM images of untreated ZGGO:Cr PLNPs. (b) TEM
and HRTEM images of T-ZGGO:Cr PLNPs. (c) Corresponding size distributions
of untreated ZGGO:Cr PLNPs and T-ZGGO:Cr PLNPs. The photoluminescence
spectra (d) and PersL decay curves (e) of ZGGO:Cr and T-ZGGO:Cr PLNPs.
(f) PersL decay images of ZGGO:Cr and T-ZGGO:Cr PLNPs. (g) PersL
intensity of ZGGO:Cr and T-ZGGO:Cr PLNPs vs. time.
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yields in nanophosphors.25,27 Thus, the enhanced PersL in
ZGGO:Cr@ZGO and ZGGO:Cr@SiO2 PLNPs can be attributed to
the passivation of surface defects on the ZGGO:Cr core by surface
coating. Collectively, the above results clearly show that surface
coating can efficiently enhance the PersL intensity and prolong
the decay time in PLNPs by passivating surface defects.

It is noteworthy that surface coating is more efficient in
enhancing the PersL in PLNPs compared with thermal treat-
ment (Fig. 1e–g and 2c–e). In the T-ZGGO:Cr PLNPs, a large
amount of surface defects still existed due to the abundantly
exposed atoms on the nanoparticle surface, whereas in the
ZGGO:Cr@ZGO and ZGGO:Cr@SiO2 PLNPs, the ZGGO:Cr core
is well wrapped by the shell layer, significantly reducing the
surface exposed atoms on the ZGGO:Cr core. Therefore, the
outstanding performance of surface coating in enhancing
the PersL in PLNPs can be attributed to its strong ability to
passivate surface defects. It is also worth noting that the PersL
enhancement performance of the SiO2 shell is better than that
of the ZGO shell (Fig. 2c–e). Previous studies have shown that
the luminescence enhancement performance of the shell layer
increases with the increasing thickness of the shell.34,35 The
thickness of the SiO2 shell in ZGGO:Cr@SiO2 PLNPs is about
2.5 nm, much larger than that of the ZGO shell (B1.0 nm) in
ZGGO:Cr@ZGO PLNPs. As a result, the SiO2 shell is better than
the ZGO shell in enhancing PersL in our study.

The potential applications of the surface passivated PLNPs
in autofluorescence-free bioimaging were further investigated.
The PLNPs were subcutaneously injected into mice, and the
mouse carrying PLNPs showed strong tissue autofluorescence
under excitation. After excitation ceases, the autofluorescence
disappears, whereas the PersL signal of the PLNPs remains,
making it possible to eliminate the autofluorescence interference
and improve the imaging sensitivity (Fig. 3a). A rhodamine B dye
was adopted for comparison in this study. As shown in the left
panel of Fig. 3b, the rhodamine B injected mouse showed strong
autofluorescence under in situ excitation, and the fluorescence

signal from rhodamine B was completely buried by the autofluor-
escence. However, a strong luminescence signal from the mouse
without any autofluorescence interference can be obtained (right
panel) by collecting emission signals from PLNPs after auto-
fluorescence disappears, clearly showing that the PLNPs show
much higher sensitivity than rhodamine B in bioimaging.
Moreover, compared with the ZGGO:Cr PLNPs, the PersL signals
from the T-ZGGO:Cr, ZGGO:Cr@ZGO and ZGGO:Cr@SiO2 PLNPs
are much stronger, indicating that surface passivation can efficiently
enhance PersL intensity and increase the imaging sensitivity of
PLNPs. These results clearly show the potent ability of surface
passivation in improving the bioimaging sensitivity of PLNPs.

The potential applications of the surface passivated PLNPs
in time-gated steganography were further investigated, as illustrated
in Fig. 4a. The designed code information is printed by a
commercial inkjet printer with cartridges containing ZGGO:Cr@
ZGO PLNPs ink and a commercial red UV ink. Under UV lamp
excitation, a false code ‘‘888’’ (Fig. 4b, left panel) is observed,

Fig. 2 (a) TEM image, size distribution and HAADF-STEM image of the ZGGO:Cr@ZGO PLNPs. (b) TEM image, size distribution and HRTEM image of the
ZGGO:Cr@SiO2 PLNPs. The PersL decay curves (c) and PersL decay images (d) of ZGGO:Cr, ZGGO:Cr@ZGO and ZGGO:Cr@SiO2 PLNPs. (e) PersL
intensity of ZGGO:Cr, ZGGO:Cr@ZGO and ZGGO:Cr@SiO2 PLNPs vs. time.

Fig. 3 (a) Schematic illustration of eliminating tissue autofluorescence
interference with PLNPs. (b) In vivo imaging with rhodamine B, ZGGO:Cr,
T-ZGGO:Cr, ZGGO:Cr@ZGO and ZGGO:Cr@SiO2 PLNPs.
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whereas after excitation ceases, the correct code ‘‘202’’ (Fig. 4b,
right panel) appears. The above images demonstrate that ZGGO:
Cr@ZGO PLNPs are promising in the application of stegano-
graphy with their bright PersL.

In this work, we have shown that surface defects quench the
PersL in PLNPs. Passivating surface defects on PLNPs can
enhance the PersL intensity and prolong decay time. Thermal
treatment and surface coating are efficient ways to passivate the
surface defects on PLNPs. Besides, surface coating is more efficient
to passivate surface defects. With the improved PersL properties,
the PLNPs are promising for applications in autofluorescence-free
bioimaging and time-gated steganography. Our work provides new
insight into understanding the mechanism of PersL and can give
inspiration for the design of PLNPs in emerging applications.
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