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Phosphor materials have been rapidly developed in the past decades. Developing phosphors with desired properties including
strong luminescence intensity and long lifetime has attracted widespread attention. Herein, we show that hetero-valence ion
doping can serve as a potent strategy to manipulate luminescence in persistent phosphors by controlling disorder in the host
lattice. Specifically, spinel phosphor Zn(Ga,_.Zn,)(Ga,_Ge,)O,:Cr is developed by doping ZnGa,0,:Cr with tetravalent Ge*".
Compared to the original ZnGa,0,:Cr, the doped Zn(Ga, Zn,)(Ga, ,Ge,)O,:Cr possesses significantly enhanced persistent
luminescence intensity and prolonged decay time. Rietveld refinements show that Ge*" enters into octahedral sites to substitute
Ga**, which leads to the co-substitution of Ga*" by Zn>* for charge compensation. The hetero-valence substitution of Ga** by Ge*'
and Zn”" enriches the charged defects in Zn(Ga,_,Zn,)(Ga,_Ge,)O,:Cr, making it possible to trap large amounts of charge carriers
within the defects during excitation. Electron paramagnetic resonance measurement further confirms that the amount of Cr’*
neighboring charged defects increases with Ge*" doping. Thus charge carriers released from defects can readily combine with the
neighboring Cr’* to produce bright persistent luminescence after excitation ceases. The hetero-valence ion doping strategy can

further be employed to develop many other phosphors and contributes to lighting, photocatalysis and bioimaging.
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1 Introduction

Since the discovery of Bologna stone in the 17th century, a
great variety of phosphor materials have been developed [1—
4], such as silicon nitride-based materials [5,6], upconver-
sion materials [1,7-9], quantum dots [10-12], perovskites
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[13,14], and persistent phosphors [15-18]. The rapid devel-
opment of phosphor materials has contributed to various
fields including lighting, display, optoelectronic devices,
photocatalysis, solar cells, biosensing and cancer therapy
[19-22]. In recent years, there is a growing demand for de-
veloping phosphor materials with desired properties like
high quantum yield, broad absorption band, sharp emission
band, long lifetime, and good photochemical stability [23—
26]. The discovery of such phosphor materials can promote
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the development of advanced applications including energy
saving lighting, highly efficient photocatalysis and highly
sensitive biosensing [27-30].

In the past decades, several strategies have been estab-
lished for developing phosphor materials, including combi-
natorial chemistry [31,32], cationic/anionic substitution
[33,34], chemical unit cosubstitution [35], and ion doping
[36-38]. Hetero-valence ion doping is an effective method to
tune the luminescence properties of phosphors by doping
host lattices with ions that have different valence to the
substituted host ions [39]. The hetero-valence dopants
usually serve as luminescent center or energy transfer med-
itator to influence the luminescent properties of phosphor
materials [39,40]. Moreover, hetero-valence ion doping can
introduce charged defects into host lattices [41-43]. The
charged defects can alter the local crystal field around the
activators in phosphors, leading to significant changes in the
emission behaviour of the activators [44,45].

Herein, we showed that hetero-valence ion doping is a
useful method to efficiently manipulate luminescence in
Zn(Ga,_,Zn,)(Ga,_,Ge,)0,:Cr by controlling disorder in host
lattice. The developed Zn(Ga,_,Zn,)(Ga,_,Ge,)O,:Cr solid-
solution phosphors possess stronger persistent luminescence
intensity and longer decay time compared to the undoped
7ZnGa,0,:Cr. Rietveld structure refinements and low tem-
perature electron paramagnetic resonance (EPR) measure-
ment demonstrate that a large amount of charged defects are
introduced into the host lattices by hetero-valence doping of
Ge"". The increased charged defects lead to considerable
variation of luminescence properties. The hetero-valence ion
doping strategy can open up new avenues for the exploration
of phosphors with desired properties.

2 Experimental

2.1 Materials

The GeO, powder (99.99%) and Ga,O; powder (99.99%)
were purchased from Aladdin (China). The Zn(NO;),-6H,0
(AR), Cr(NO,);-9H,0 (AR), NaOH (AR), concentrated
HNO; (AR) and concentrated NH;-H,O (28 wt%) were
purchased from Sinopharm Chemical Reagent Co. (China).
Deionized (DI) water (resistivity~18.25 MQ) was used for
all experiments.

2.2 Preparation of Ga(NO;); and Na,GeO; solution

Typically, 0.01 mol of Ga,0; was added into 30 mL of
deionized water. Then 6 mL of concentrated nitric acid was
added into the above mixture under vigorous stirring. After
that, the mixture was treated at 120 °C for 8-10 h under
vigorous stirring until a transparent solution was formed. The
solution was transferred into a 50 mL volumetric flask and
deionized water was further added to make up to volume.
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The concentration of the as prepared Ga(NO;); solution was
400 mmol/L. The Na,GeOj; solution was prepared as follows.
Typically, 0.02 mol of GeO, was added into 30 mL of NaOH
solution (2 mol/L). Then the mixture was left under vigorous
stirring at room temperature for 6-8 h and transparent solu-
tion was formed. Afterwards, the transparent solution was
transferred into a 50 mL volumetric flask and deionized
water was added to make up to volume. Then Na,GeO; so-
lution (400 mmol/L) was obtained.

2.3 Preparation of Zn(Ga,_,Zn,)(Ga,_,Ge )O,:Cr

The Zn(Ga,_Zn,)(Ga,_Ge,)O,:Cr nanoparticles were pre-
pared by hydrothermal method. The preparation of
Zn, ,Ga, 3Ge,,0,:Cr was described as follows. Typically,
Zn(NOs), (1.1 mmol), Ga(NOs); (1.8 mmol), Na,GeO;
(0.1 mmol) and Cr(NOs;); (0.0075 mmol) were added into
deionized water (12 mL) under vigorous stirring. Con-
centrated ammonium hydroxide was dropwise added into the
above solution until the pH of the reaction system reaches
8.5. Then, the solution was stirred for 1 h at room tempera-
ture and was further transferred into an autoclave for hy-
drothermal treatment at 220 °C for 6 h. The as-prepared
Zn,,Ga, 3Gey ,0,:Cr nanoparticles were collected by cen-
trifugation. The ZnGa,0,:Cr nanoparticles were synthesized
with Zn(NO;), (1 mmol), Ga(NOs); (2 mmol) and Cr(NO;),
(0.0075 mmol)  with  the similar protocol. The
Zn,,Ga, (Gey,0,:Cr nanoparticles were also synthesized
with Zn(NOs), (1.2 mmol), Ga(NO;); (1.6 mmol), Na,GeO,
(0.2 mmol) and Cr(NO;); (0.0075 mmol) by the above de-
scribed method.

2.4 Measuring the persistent luminescence decay of
Zn(Ga,_.Zn)(Ga,_Ge,)O,:Cr colloidal solution

Briefly, 1 mL of ZnGa,0O,:Cr colloidal dispersion (1 mg/mL)
and Zn, Ga, 3Ge,,0,4:Cr colloidal solution (1 mg/mL) were
added into a 48-well-plate, respectively. The plate was put
into a living image IVIS® spectrum and an orange LED
(1000 lumen) was used to illuminate the plate for 2 min.
After that, the LED excitation was removed and the decay
images were recorded. The decay images were captured at 1,
3, 5, 7 and 10 min, respectively. The decay images of the
second and the third activation were recorded with the same
manner.

3 Results and discussion

3.1 Characterization of Zn(Ga,_,Zn)(Ga,_Ge)O,:Cr

A series of Zn(Ga,_.Zn,)(Ga,_,Ge,)O,:Cr nanoparticles were
perpared through doping different amounts of Ge*' into
ZnGa,0,:Cr with a simple hydrothermal approach. The
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shape and crystal structure of Zn(Ga,_ ,Zn,)(Ga,_Ge,)O,:Cr
nanoparticles were characterized with transmission electron
microscopy (TEM) and X-ray powder diffraction (XRD)
measurement. As shown in Figure 1(a—), ZnGa,0,:Cr,
Zn,,Ga, (Ge,,0,:Cr and Zn,,Ga, (Ge,,0,:Cr are all well-
dispersed with uniform shape. The XRD patterns of the
Zn(Ga,_,Zn )(Ga, ,Ge,)0,:Cr nanoparticles can be indexed
to cubic spinel phase of ZnGa,0,, indicating the formation of
a homogeneous spinel solid solution (Figure S2, Supporting
Information online) [16,46]. The luminescent properties of
Zn(Ga,_,Zn,)(Ga, ,Ge,)0,:Cr nanoparticles were further
systematically investigated. The photoluminescence spectra
(Figure 1(d)) show that the phosphors exhibit broad emission
in the range of 650—750 nm. The peak at around 715 nm is
the Stokes phonon sideband line (S-PSB), which is indexed
to Cr’* ions occupying the ideal octahedral sites [47]. An-
other peak at about 696 nm is the N2 zero phonon line in-
dexed to Cr’" ions in octahedral sites that are distorted by
neighbouring charged defects [47]. Notably, the S-PSB line
becomes weaker whereas the N2 line grows stronger with the
increase of doped Ge'', suggesting that hetero-valence
doping of Ge* modifies the local structure of Cr’*. As N2 is
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Figure 1 (a) TEM images of ZnGa,0,:Cr, (b) Zn, ,Ga, sGe,, ,04:Cr and (c)
Zn, ,Ga, ¢Ge(,0,:Cr nanoparticles. (d) Photoluminescence spectra of
Zn(Ga,_Zn,)(Ga,_Ge,)O,:Cr nanoparticles. N2: N2 zero photon line. S-
PSB: Stokes phonon sideband line. (¢) Luminescence decay curves in
Zn(Ga,_,Zn,)(Ga,_Ge,)0,:Cr nanoparticles. (f) Luminescence decay ima-
ges of ZnGa,0,:Cr and Zn, ,Ga, 4Ge,,0,:Cr colloid dispersion (1 mg/mL)
after excitation with a LED (color online).
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the dominate emission line responsible for persistent lumi-
nescence in ZnGa,0,:Cr [47], the increase of N2 line may
lead to considerable changes in the persistent luminescence
of Zn(Ga, ,Zn)(Ga, Ge,)O,:Cr. The persistent lumines-
cence decay curves of the Zn(Ga,_Zn,)(Ga,_Ge,)O,:Cr na-
noparticles are systematically measured and are shown in
Figure 1(e). The doped phosphors possess significantly en-
hanced persistent luminescence intensity compared to the
undoped ZnGa,0,:Cr. Also, the persistent luminescence in-
tensity increases with increasing the amount of doped Ge*".
Notably, the persistent luminescence intensity in Zn, ;Ga, g
Ge,,0,:Cr and Zn, ,Ga, (Ge,,0,:Cr at 10 min of decay is 2.8
and 8.0 times of that in ZnGa,0,:Cr, respectively. The lu-
minescence decay images of ZnGa,0,:Cr and Zn,,Ga,g
Ge,;0,:Cr after excitation ceases were further measured. As
shown in Figure 1(f), the Zn,;Ga,Gey,0,:Cr is much
brighter than ZnGa,0,:Cr and the decay time of Zn, ,Ga, 4
Ge,,0,:Cr is also much longer than that of ZnGa,O,:Cr.
After the excitation ceases, the persistent luminescence of
ZnGa,0,4:Cr colloidal solution almost disappears at 10 min
of decay, whereas the Zn, ;Ga, 3Ge, ;0,:Cr colloidal solution
still displays obvious persistent luminescence. Moreover, the
two phosphors can be readily reactivated with a commer-
cially avaliable orange LED. Similar brighter persistent lu-
minescence and longer decay time in Zn, ;Ga, 3Ge, ,0,:Cr are
observed. The luminescence intensity of the decay images is
further quantified and shown in Table 1. The persistent lu-
minescence intensity in Zn, ;Ga, ;Ge, ,0,:Cr is about 2 times
of that in ZnGa,0,:Cr. The above results thus clearly suggest
that hetero-valence ion doping can effectively modify the
luminescent properties of Zn(Ga,_Zn,)(Ga,_Ge,)O,:Cr.

3.2 Rietveld refinement structure  of

Zn(Ga,_.Zn )(Ga,_Ge)O,:Cr

crystal

According to previous studies, charged defects play a vital
role in the generation of persistent luminescence [17,27,48].
Charged defects can store excitation energy and then gra-
dually release the energy to activators to produce persistent
luminescence after excitation ceases [17,27,48]. Before
studying the charged defects in the Zn(Ga,_,Zn,)(Ga,_,Ge,)-
0,:Cr, the structures variation of the Zn(Ga,_,Zn,)(Ga,_Ge,)-
0,:Cr induced by hetero-valence ion doping was in-
vestigated. Rietveld refinements were performed to in-
vestigate the crystal structures of Zn(Ga,_,Zn,)(Ga,_,Ge,)O,:
Cr [49]. The atomic position in Zn(Ga,_,Zn,)(Ga,_,Ge,)O,:Cr
were systematically determined. The result of Rietveld re-
finement for ZnGa,0,:Cr is shown in Figure 2(a), and the
corresponding crystal structure of ZnGa,0,:Cr is illustrated
in Figure 2(b). In ZnGa,0,:Cr, Zn’" ions occupy the tetra-
hedral sites and Ga’* ions occupy the octahedral sites. Also,
ZnGa,0,:Cr exhibits a slight inversion [50]. That is, a small
amount of Zn’" ions is in octahedral coordination and the
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Table 1 The luminescence intensity of decay images of ZnGa,0,:Cr and Zn, Ga, 3Ge, ;0,:Cr colloid dispersion shown in Figure 1(f)
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1st activation (10%)

2nd activation (10%)

3rd activation (10%)

x=0 x=0.1 x=0 x=0.1 x=0 x=0.1
1 min 29.8 50.9 313 53.7 345 60.3
3 min 12.6 20.6 12.5 21.5 13.1 22.5
5 min 7.92 12.6 8.29 13.8 8.38 14.3
10 min 4.01 6.63 4.05 6.67 4.07 6.90

same amount of Ga’ ions is in tetrahedral coordination.
These charged antisite defects play a crucial role in the
generation of persistent luminescence in ZnGa,0,:Cr
[47,48]. Figure 2(c) shows the Rietveld refinement of Zn, ,
Ga, ;Ge,,0,:Cr. In Zn, ,Ga, ;Ge, ,0,:Cr, the doped Ge*" ions
enter into the octahedral sites (Figure 2(d)). Compared with
ZnGa,0,:Cr, more Ga’* ions occupy the tetrahedral sites and
more Zn’~ ions occupy the octahedral sites in Zn, ,Ga, ¢
Ge,,0,:Cr. The Rietveld refinement of Zn, ,Ga, (Ge,,0,:Cr
is shown in Figure 2(e). In Zn,,Ga, (Ge,,0,:Cr, the doped
Ge" ions are all located in octahedral sites (Figure 2(f)).
Impressively, the amounts of Ga’* ions at tetrahedral sites
and Zn>" ions at octahedral sites in Zn,,Ga, (Ge,,0,:Cr are
much higher than that in Zn, ,Ga, ;Ge,,0,:Cr. These crystal
structures clearly suggest that the amount of antisite defects
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in Zn(Ga,_Zn,)(Ga,_Ge,)O,:Cr increases with raising the
amount of doped Ge*". Moreover, the atomic positions of
Zn(Ga,_,Zn,)(Ga,_,Ge,)O4:Cr nanoparticles (Table S1, Sup-
porting Information online) show that the substitution of
Ga’" ions by Ge'" ions at the octahedral sites leads to the
co-substitutio of Ga®* ions by Zn®" ions, which can be as-
cribed to the charge compensation effect. These above re-
sults thus clearly suggest that hetero-valence ion doping can
change the atomic position in Zn(Ga,_,Zn,)(Ga,_Ge,)0O,:Cr,
and the variation of atomic position further introduces
charged defects into host lattices.

3.3 Charged defects in Zn(Ga,_Zn,)(Ga,_,Ge )O,Cr

The charged defects in Zn(Ga,_,Zn,)(Ga,_,Ge,)O,:Cr nano-

Figure 2 (a) Rietveld refinement of ZnGa,0,:Cr. (b) Schematic illustration of ZnGa,0,:Cr unit cell. (c) Rietveld refinement of Zn, ,Ga, sGe, ,0,:Cr. (d)
Schematic illustration of Zn, ;Ga, 3Ge,;0,:Cr unit cell. (¢) Rietveld refinement of Zn, ,Ga, (Ge,,0,:Cr. (f) Schematic illustration of Zn, ,Ga, (Ge,,0,:Cr unit

cell (color online).
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particles were further determined based on the above struc-
tural refinement results. The amounts of positively charged
defects Ge’g,, Ga’,,, and negatively charged defects Zn'g, in
host lattices were determined. As shown in Table 2, the
content of charged defects in ZnGa,0,:Cr is about 6%, in
good agreement with previous studies [47]. The amount of
charged defects in the doped Zn(Ga,_.Zn,)(Ga,_,Ge,)O,:Cr is
significantly increased with increasing the amount of doped
Ge". Compared to ZnGa,0,:Cr, the amounts of charged
defects in Zn,;Ga, 3Ge,;04:Cr and Zn, ,Ga, (Ge,,0,:Cr are
increased by about 5.0 and 12.7 times, respectively. The
above results clearly show that large amounts of charged
defects have been introduced into Zn(Ga,_,Zn,)(Ga,_Ge,)O,:
Cr by hetero-valence ion doping.

3.4 Electron paramagnetic resonance measurements

As mentioned above, the charged defects can alter the local
structure of neighboring activators. Low temperature elec-
tron paramagnetic resonance (EPR) measurements were
further performed to investigate the amount of Cr’" neigh-
boring charged defects in Zn(Ga,_,Zn,)(Ga,_,Ge,)O,4:Cr. The
EPR spectra of the perturbed Cr’" neighboring charged de-
fects and the unperturbed Cr’" in ideal octahedral sites were
also simulated, respectively. As shown in Figure 3(a), the
band at around 1320 G (red shadow) is indexed to the ab-
sorption of perturbed Cr'" and the band at around 1720 G
(blue shadow) is assigned to the absorption of unperturbed
Cr’*. In ZnGa,0,:Cr, the absorption band of perturbed Cr*" is
weaker than that of the unperturbed Cr’’, indicating that a
small amount of perturbed Cr’" exit in the crystal. Whereas in
the doped Zn(Ga,_Zn,)(Ga,_,Ge,)O,:Cr, the absorption band
of perturbed Cr’* gradually grows stronger and the absorp-
tion band of unperturbed Cr’* becomes weaker with the in-
crease of doped Ge*'. These results suggest that the content
of perturbed Cr’* in Zn(Ga, Zn)(Ga, Ge)O,Cr sig-
nificantly increases with hetero-valence Ge** doping, which
can be ascribed to the increased charged defects in host lat-
tice. The mechanism of charged defects increasing in
Zn(Ga,_,Zn,)(Ga,_Ge,)O,:Cr induced by hetero-valence ion
doping is further illustrated in Figure 3(b). The hetero-va-
lence substitution of Ga’* by Ge*" leads to a significant in-
crease of inversion and the co-substitution of Ga** by Zn™" in
the nanocrystals. The significant changes of the cationic

Table 2 Charged defects in Zn(Ga,_Zn,)(Ga,_.Ge,)O,:Cr. Ge’;,:Ge* ion
in the octahedral site. Zn'g,:Zn>" ion in the octahedral site. Ga’;,:Ga®" ion in
the tetrahedral site. The negative and positive charges are represented by
dash and dot respectively

Composition (x) Ge’s, Zn's, Ga’y,
0 0 0.03 0.03

0.1 0.1 0.18 0.08

0.2 0.2 0.38 0.18
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Figure 3 (a) EPR spectra of Zn(Ga,_Zn,)(Ga,_,Ge,)0,:Cr. (b) Schematic
illustration of charged defects increasing in Zn(Ga,_Zn,)(Ga, ,Ge,)O,:Cr
induced by hetero-valence ion doping (color online).

occupation introduce a large amount of charged defects in
Zn(Ga,_,Zn,)(Ga,_,Ge,)O4:Cr. Under excitation, the charged
defects in host lattice can store excitation energy. After ex-
citation ceases, the energy is gradually released from the
charged defects and the neighboring perturbed Cr’* ions can
receive the released energy to generate persistent lumines-
cence [47,48]. To conclude, the increased charged defects
can modify the local structure of neighboring activators,
leading to changes in luminescent properties of Zn(Ga,_,Zn,)
(Ga,_,Ge,)O,:Cr.

4 Conclusions
In this article, we have highlighted that hetero-valence ion

doping can serve as a potent strategy to introduce charged
defects in persistent phosphors for manipulating the lumi-
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nescent properties. The persistent luminescence intensity in
Zn(Ga,_Zn,)(Ga, ,Ge,)O,:Cr is enhanced and the decay time
is prolonged compared with the undoped ZnGa,0O4:Cr. The
Ge" ions doping efficiently introduces charged defects in
Zn(Ga,_Zn,)(Ga,_Ge,)0,:Cr, leading to the increase of Cr’*
neighboring charged defects. As a result, the energy released
from the charged defects can be efficiently transferred to the
neighboring Cr’* to produce bright persistent luminescence
after excitation ceases. This study can open exciting new
possibilities for the exploration of phosphor materials with
desired properties, and it can further contribute to a wide
range of applications like lighting, photocatalysis and bioi-
maging.
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