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Abstract

Recently, near-infrared (NIR) persistent phosphors become a research hotspot in
biomedical application, because of their rather low absorption coefficients of biological
tissues for NIR light. Most investigated phosphors emit NIR lights, whose wavelengths
are no more than 1000 nm and located in NIR-I biological window. However, the
phosphors emitting NIR lights in second (NIR-1I, 1000-1350 nm) and third (NIR-I1II,
1500-1800 nm) biological window have advantages over that in NIR-I one. Here,
persistent luminescent phosphors of ZnGa,04:xNi** (x = 0-0.01) were synthesized via
a traditional high-temperature solid-state reaction, which feature a broad emission band
in the second near-infrared (NIR-I1) window. Ni?* tends to occupy Ga** site in ZnGa,0Oa,
which results in the formation of oxygen vacancy. Upon ultraviolet (UV) or orange-red
lights excitation, the phosphors exhibit a broad NIR emission at about 1300 nm, arising
from the *T.(’F)—3A2(%F) transition of Ni?*. Removing the light source yields intense
NIR afterglow, with the duration longer than 500 s. Strongest NIR emission and best
persistent luminescence are found for the x = 0.005 sample, which is excited by 254-
nm UV light. The ZnGa,04:Ni?* persistent phosphors have potential application in vivo
imaging, because of their charming emissions and afterglows with the wavelength

locating in NIR-I1 window.
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1. Introduction

Research has shown that hemoglobin, water and lipids are the main light-absorbing
substances in biological tissues [1]. These substances have the lowest absorption
coefficients for near-infrared (NIR) light with a wavelength of 650-1000 nm, which
could penetrate into deep tissue and is referred to as the “bio-optical imaging window”
[1]. Because of this, the NIR light has quickly become an attractive optical region for
various biomedical applications [2], night-vision surveillance [3], anti-counterfeiting
security [4] and antibacterial therapy [5, 6]. However, due to the further scientific
investigation, researchers have found that the lights with the wavelengths exceeding
1000 nm, which are second (NIR-11, 1000-1350 nm) and third (NIR-I11, 1500-1800 nm)
biological windows, have advantages over the light with shorter wavelength [7]. The
advantages of the light in NIR-11I region are driving a growing number of researches on
the phosphors emitting NIR-II light, such as rare-earth nanoparticles [8, 9], polymer
nanomaterials [10], and aggregation-induced-emission (AIE) dots [11, 12].

Long persistent luminescent materials are also called light-storing luminescent
materials and luminous materials [13]. They can absorb, store and slowly emit
electromagnetic waves such as visible light, ultraviolet light, and even X-rays. As their
most prominent feature, the afterglow duration of persistent luminescent materials can
be about several seconds to hours, so they are widely used in lighting, marking [14],
information storage [15], 3D printing [16], and etc. Since Matsuzawa et al. reported the
green emitting long afterglow material of SrAl,O4:Eu?*,Dy** in 1996 [17], a milestone
work, the long afterglow material has attracted extensive attentions from researchers.
At present, the anti-piracy technology based on visible light is facing the challenge of
low security and inconvenience. However, the near-infrared long persistent
luminescent materials have shown great potential in anti-counterfeiting technology [4,
18, 19] due to the characteristics of continuous outputs and invisible to the naked eye.
Therefore, the research of new near-infrared long persistent luminescence materials has
become a crucial part.

ZnGax04, an oxide compound with a spinel structure, belongs to the cubic crystal

system with an optical band gap about 4.4 eV [20, 21]. It also has the characteristics of
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excellent thermal and chemical stability, and its preparation process is simple, green
and safe [22], which makes it be a good host for near-infrared light-emitting materials
by doping activated ions, such as Cr**, Mn?*, Ni%*, Eu®* [23-26] etc. The incorporation
of transition metal ions in the host lattice may enhance the radiative transitions and
luminescent properties [27-29]. For example, Cr¥*-doped zinc gallium (ZnGa;04:Cr")
is a new promising phosphor that can convert ultraviolet/visible light to persistent NIR
afterglow at ~700 nm [23, 30-32], and has been found broad application in biological
imaging [33, 34], anti-counterfeiting technology [35] and even temperature
measurement [32].

Ni2* ions have strong absorption for ultraviolet and visible light. Under the excitation
of ultraviolet light, Ni?* in an octahedral coordination environment, has d-d electronic
transitions originating from 3T2(*F)—*A>(3F) [36, 37], so an ultra-broadband near-
infrared light emission centered around 1300 nm will be found, which covers the whole
NIR-11 window. In addition, Ni**-doped zinc gallium (ZnGaz04:Ni?*) could output NIR
afterglow, due to the unequal valence substitution [38]. However, most of the current
reports on ZnGa204:Ni?* have revolved around the preparation and properties of
transparent glass-ceramics [39-45], and few reports on powders and particles, which
are very important for biomedical applications.

In this work, ZnGa,04:xNi?* (x = 0-0.01) phosphors were synthesized by a traditional
high-temperature solid-state reaction method. The synthesized samples were
characterized by a series of techniques, such as X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), electron paramagnetic resonance (EPR), ultraviolet-
visible-near-infrared (UV-Vis-NIR) spectroscopy, photoluminescence
excitation/photoluminescence (PLE/PL) spectroscopy, thermo-luminescence (TL), and
persistent luminescence decay analysis. The crystal structure, luminescence behavior,
and persistent luminescence of the prepared samples were discussed in detail. The
prepared ZnGa204:Ni%* phosphor with a broadband emission centered at about 1310
nm, which covers the second biological window (NIR-I1I), has a wide application in

biological imaging. For a concise description, all acronyms are listed in Table S1.
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2. Experimental Section

2.1. Materials and Synthesis

ZnGa204:xNi?* (x = 0-0.01) phosphor powders (termed as ZGO:xNi?* in the following
content) were prepared by a conventional high-temperature solid-state reaction. The
raw materials (ZnO, Gaz0s, and NiO) were all purchased from Sinopharm (Shanghai,
China) with a high purity of 99.9%. All the raw materials were calculated accurately
according to the stoichiometric ratio and weighed precisely by electronic balance. The
materials were ground for 30 min in order to be fully mixed. The powder mixture was
then pre-sintered at 1000 °C for 4 h in air. After being ground for 30 min again, the
samples were finally placed in a tubular furnace and sintered at 1350 °C in air for 8 h.

The samples were slowly cooled to room temperature and grinded for further test.

2.2. Characterization

The X-ray diffraction (XRD, Model SmartLab, Rigaku, Tokyo, Japan) patterns of the
samples were recorded to analyze the phase identification, operating at 40 mA and 40
kV using nickel-filtered Cu Kal radiation and scanning with a speed of 10°/26 from
10° to 70°. While the data for Rietveld refinement were recorded through the step-scan
mode, using a step of 0.02° and a counting time of 0.9 s per step, with the 26 range from
15° to 120°. The photoluminescence spectrum (PL)/photoluminescence excitation
spectrum (PLE) and persistent luminescence decay curves of Ni?* were recorded using
a model JY FL3-21 spectrofluorometer (Horiba, Kyoto), whereas a lamp capable of
emitting light at 254, 302, and 365 nm was used for 6-minute excitation of samples
prior to the persistent luminescence test. Thermoluminescence (TL) glow curves were
obtained using a FJ-427A TL spectrofluorometer (Beijing Nuclear Instrument Factory)
at a heating rate of 1 K s, and the samples were exposed to the 254/302/365 nm UV
light for 6 min before testing. The diffuse reflectance spectra of samples were measured
by a UV-vis-NIR spectrophotometer (UV-3600 Plus, Shimadzu, Kyoto) in the spectral
range of 200-800 nm at room temperature with BaSOs as a reference. X-ray

photoelectron spectroscopy (XPS, Model Axis Supra, Shimadzu-Kratos Analytical Ltd.,
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Manchester, U.K.) data were measured by monochromatized Al Ka X-ray radiation
(1486.6 eV). The electron paramagnetic resonance (EPR) spectra of the samples were
obtained using an EPR spectrometer (JES-FA 200, JEOL, Kyoto) with an X-band power

of 9.063 GHz at room temperature.

2.3. Computational Details
The calculations were carried out using density functional theory (DFT), as
implemented in the Vienna ab initio Simulation Package (VASP). The generalized
gradient approximation (GGA) of the Perdew, Burke, and Ernzerhof (PBE) functional
was used to treat the exchange correlations. The energy cut-off for the plane-wave basis
set was kept at a fixed value of 520 eV. Structure optimization was accomplished until
the force on each atom was less than 0.01 eV A%, For the convenience of calculation,
the ideal crystal of ZnGa,O4 is denoted as ZngGais032 and ZnGa,O4 with one oxygen
vacancy is denoted as ZngGaisOs1. On this basis, the related formation energy can be
calculated by the following formula:
AEr(ZngGais031) = (E(ZngGai6031) - E(ZngGais032))/8 Q)

The formation energy of Ni-doped samples is calculated by the following formula:

AE¢(Doped) = (E(Doped) - E(ZnsGai6031) + aE(Zn) + bE(Ga) — (a+b)E(Ni))/8  (2)
When Ni occupies Zn site, the values are a = 2, b = 0; when Ni occupies Ga site, the

valuesarea=0,b=2.

3. Results and Discussion

3.1. Phase Identification and Crystal Structure

It is known that the occupancy of Ni?* is of importance to its luminescent properties
and the tendency of the site occupied by Ni?* can be judged by calculating the formation
energy. It can be inferred that the oxygen vacancies (Vi) may be formed during the
high temperature solid state reaction, so we calculate the formation energy with
different doping contents to clarify the occupancy of Ni?* on the basis of considering

the existence of oxygen defects in ZnGazOas. The formation energy (AEsf) of ZnGaz04
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with one oxygen vacancy is calculated by the following formula:

AEs= E(V() - E(Perfect) 3
where E(Perfect) represents the DFT total energy of the ZnGa»O4 perfect supercell and
E(V() represents the DFT total energy of the supercell with one oxygen vacancy. This
formation energy was calculated to be 0.655 eV. The formation energy of Ni-doped
samples is calculated by the following formula:

AE;= E(Doped) - E(V3) +u (4)
where E(Doped) represents the DFT total energy of the unit cell with one Ni ion doping.
Table 1 demonstrates the calculated formation energies of Ni doping in ZnGazO4, which
indicates that Ni%* is more likely to replace Ga®*, because of the lower formation energy
of -0.059 eV. In a word, Ni?* is more likely to occupy Ga®* site in ZnGa;O4, forming a
six-coordinated octahedron. The calculated results are in good agreement with the

reported literature [46].

Table 1
The calculated formation energies (AEr) of Ni?* doping.
E(Doped) E(VD) AE¢ M
Ni-Zn -304.725 eV -303.120 eV -0.008 eV 1.597 eV
Ni-Ga -301.448 eV -303.120 eV -0.059 eV -1.731 eV

As the result shown in Table 1, Ni?* ions tend to occupy the Ga®* sites, which is also
mainly due to the similar ionic radii between Ni%* (0.69 A for six-coordination) and
Ga®* (0.62 A for six-coordination) ions. The crystal structure is shown in Fig. 1a. Fig.
1b shows the XRD patterns of ZGO:xNi?* phosphors, and it can be seen that all
diffraction peaks of the samples are in good agreement with the data in ZnGazO4
standard card JCPDS No. 38-1240, indicating that single-phase samples have been
obtained. The diffraction peaks of the sample are very sharp and intense, indicating a
high degree of crystallinity. The powder diffraction data of the ZGO:xNi?* (x =0, 0.001,
and 0.01) were also analyzed via Rietveld refinement using the TOPAS software. Fig.
1c-e show the results of profile fitting. By comparing the calculated data with

experimental patterns finds that all the peaks are indexed by the cubic cell (Fd3m) with
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the parameters being close to that of ZnGaxOs (spinel-type structure). Rietveld
refinements also show the stable and acceptable reliability factors, further indicating

that the samples are single phase.
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Fig. 1. () Crystal structure, (b) XRD patterns of ZGO: xNi?* samples (x = 0, 0.001
0.003, 0.005, 0.007, 0.01) and (c-e) Rietveld refinement of ZGO: xNi%* samples (x = 0,
0.001, 0.01).

The valence states of the Ni ions are analyzed by the Ni 2p core-level XPS spectra.
Fig. 2a shows the high-resolution spectrum of Ni 2ps/2, and the binding energies are
corrected for the charging effect with the reference of the C 1s line at 284.8 eV [39, 47,
48]. As depicted in the spectrum, the main Ni 2ps peak is located at 855.2 eV and
another peak at 861.2 eV is typically assigned to its satellite [39]. All these peaks are
very close to that of Ni?* ions, revealing that that the valence state of the Ni ions in the
sample is +2 and Ni?* ions are successfully doped into ZnGa;04. Meanwhile, we know
that the value of g in electron paramagnetic resonance (EPR) measurement is the
primary empirical parameter that characterizes the response of a paramagnetic molecule
[49]. The signals at about g1 = 2.21 and g> = 1.99 appear in the EPR spectra of all

samples (Fig. 2b), implying the existence of Ni?* ions and Vg , respectively [49-52].
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Fig. 2. (a) Ni 2p core-level of ZGO:xNi** samples (x = 0.005, 0.01) and (b) Room-
temperature (298 K) X-band EPR spectra of ZG0:0.005Ni?* after 10 min-UV excitation
()\.ex =365 nm).

3.2. Luminescence Properties

Fig. 3a shows the diffuse reflectance (DR) spectra of ZGO:xNi?* samples (x = 0,0.005,
0.01). It can be seen that there are two spin-allowed transition peaks at about 380 nm
and 610 nm, arising from the 3Ax(F)—3T1(P) and 3Az(F)—3T1(F) transitions of Ni?* in
the octahedral structure, respectively [40, 55]. The peak centered at about ~250 nm
comes from the charge transfer band (CTB) of Ga®*-0? [30]. These peaks can also be
observed in the latter photoluminescence excitation (PLE) spectra. Because the host
absorption of ZaGa>Os is close to the charge transfer band, the strong band could the

overlap charge transfer band and the host absorption band.
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Fig. 3. (a) Diffuse reflectance spectra and (b) Band-gap energies for ZGO:xNi (x = 0,
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0.005, 0.01) samples.

In order to estimate the optical band gap, the diffuse reflection of the samples is
converted to Kubelka—Munk function F(R«), and the formula is as follows [56, 57]:
F(Rx) = (1-R)¥(2xR) = K/S (5)
where R is the reflection coefficient, K is absorption coefficients, and S is the scattering
coefficient. As an approximate value, the diffusion coefficient is independent on
wavelength, and then (hvx F(R«))?>~hv diagram is drawn according to the expression
proposed by A. Escobedo Morales [58], and the expression is as follows:

(hvxF(Rx))? = Ax(hv-Eg) (6)
where hv represents the photo energy, A represents a proportional constant, Eg
represents the value of bandgap. The band gap energy of the samples is shown in Fig.
3b. This value can be read out from the intercept of the fitted straight line. Through the
liner fitting method, the Eq value is calculated to be ~4.79 eV for x = 0. Increasing the
x value from 0 to 0.1 results in the Eg value gradually decreases from ~4.79 to 4.46 eV.
Meanwhile, the partial and total density of states of the samples are calculated in Fig.
4. The value of the calculated bandgap is smaller than the experimental one, which is
expected since the GGA (generalized gradient approximation) underestimates the size
of the bandgap [32, 35, 59]. The result also indicates that the band gap energy of the
samples becomes narrower from ~4.00 eV to 3.68 eV by incorporation of Ni?* ions.
More ions doping would contribute to more defects, which results in defect energy
levels below the conduction band bottom (CBB). When there are defect energy levels

in the band gap, the band gap will gradually decrease [60].
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Fig. 4. Partial and total density of states of (a) ZngGais031 and (b) ZngGa14031Ni>.

To analyze the luminescence properties, photoluminescence excitation (PLE) and
photoluminescence (PL) spectra of the ZGO:xNi?* spinel phosphors were performed.
Fig. 5a and 5b display PLE spectra of the ZGO:xNi?* samples calcined at 1350 °C. It
can be seen that the spectra contain three main excitation bands monitored at 1310 nm.
The strong excitation band ranging from 220 to 350 nm is assigned to an overlap of two
peaks, which are a weaker one centered at ~260 nm assigned to the Ga**-O% charge
transfer (CT) and another strong band with maxima at 300-350 nm assigned to the Ni?*-
O? charge transfer [54]. Meanwhile, the band centered at ~380 nm can be assigned to
the 3Ax(F)—3T1(P) transition of Ni?*. In addition, there is a relatively weak peak
centered at ~602 nm which can be assigned to the 2Ax(F)—3T1(F) transition of Ni%*.
Therefore, the samples can not only be excited by ultraviolet (UV) light but also by
orange-red light (Fig. 5d), which is a more safe excitation light for human body. For
charge transfer excitation, the O 2p electrons are excited into the 3d levels of Ni?* and
Ga®*, and the position of the CT band is determined by the energy difference between
the O 2p valence band and the 3d levels of Ni?* and Ga**. The obvious red shifts are
found for the CT band center position of Ga-O from ~269 nm to ~320 nm, and the CT
band center position of Ni-O from ~302 nm to ~321 nm, indicating a decreased energy
difference. It is known that the higher valence state of the ions, the stronger their
attraction for electrons of orbits of other ions, and the larger electronegative they are.

The red-shift of CT band is due to the different value of the electronegativity (EN)

11
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between Ni?* (EN = 1.367) and Ga** (EN = 1.579) [61]. With the increase of Ni%*
content, the overall electronegativity of the sample decreases, so the energy required
for the whole CT excitation process becomes smaller and thus the band positions of Ni-
O and Ga-O are red-shifted.

Compared with the intensity of the excitation peak at ~260 nm, we can see that the
intensity of the excitation peaks at ~380 nm increases with increasing the doping
amount of the Ni%* ions (the x value). However, the intensity of the excitation peaks at
~310 nm increases faster at the beginning, and it reaches the maximum value at x =
0.005. Then the intensity decreases at a higher x value (Fig. 5b). The similar law is
observed in the PL spectra for the samples excited by 310 nm (Fig. 5c). It can be
inferred that the luminescence quenching concentration of Ni?* ions is at x = 0.005.
When excited by 310 nm, all samples exhibit NIR emission with two peaks centered at
about 1276 nm and 1310 nm, which are resulted from the 3T,(°F)—3A,(°F) transition
of Ni?*. There are anti-site defects in the ZnGa,O4 matrix, therefore, two kinds of local
environments for Ni?* ions (octahedral site) exist in ZnGa,Oa4 [62]. Ni%* ions occupy
the Ga®* ions site (octahedral site), so part of Ni?* ions may occupy the Ga®* ions site
and are adjacent to the anti-site defects, while others are away from the anti-site defects.
Therefore, the different site distributions of Ni?* may contribute to the broad emission
band. The intensity ratio of l1310nm/l1276 nm (the inset of Fig. 5¢) gradually increases with
the incorporation of Ni?* ions. Because the anti-site defects in ZnGaOs is only 3at%
[19], more incorporation of Ni?* ions would lead to more Ni?* ions occupying the Ga®*
sites away from the anti-site defects. Therefore, the peak at 1310 nm can be assigned to
the emission of the Ni?* ions normally occupying the Ga" ions sites and the other one
at 1276 nm can be assigned to the emission of the Ni?* ions that are adjacent anti-site
defects. The luminance of x = 0.005 sample is estimated to be ~115 mcd/m?, through
comparing its integrated intensity to that of the commercial phosphor

SrAl,04:Eu?*,Dy*" [63, 64].

12



©CO~NOOOTA~AWNPE

(a) A =1310 nm <12 " Ly w265 am (b) I Feu=1310 nm
o e e 1 1 ALF)—IT,(F)
-] LR 2378 ' 1265 nm -
E _"E‘HI o & b -w
g 4 H ./0—0/"".
- s Nol g s I 0.007
= A 4 5 =os : __w
3 o. ~ H— l'l.fi(lfl 0.002 0.004 0.006 0.008 0.010 é —
.“? ;ﬁ 1 The x value o =
2l ° g c |
= - E = “—m
3 P x=0.001 A g
= ‘ x=0.003 & E [x=0.003
» x = 0,005 =
x=0.007 -
x=0.01 x=0.001 rrar
e __’_/—-——_
T T - T T - T T M N
250 300 350 400 450 500 550 600 250 300 350 400 450 500 550 600
Wavelength (nm) Wavelengh (nm)
(c) )‘.-\= 310 nm - o 11310 o 11276 am (d) )‘c\= 602 nm
= 1.06 v
E:.: v Zn';, Zn'
é 1.00 i Q{‘ T 4 ‘m@
MR —*ACF) Eoos| ¥ — i X T
§ - o = C§ v @ é‘
= 0002 0.004 0.006 0.008 0.01 - o
- 0.001 The x value et e G
> x=0. > LR ALCF)
- - 2 2
g x=10.003 = o .
S x=0.005 g \ /
E x=0.007 E of |
x=0.01 1276 nm :
1310 nm
1310 nm —x = 0.005

= T T T T T n T T T T T
1000 1100 1200 1300 1400 1500 1600 yo99 1100 1200 1300 1400 1500 1600
Wavelength (nm) Wavelength (nm)

Fig. 5. (a) PLE spectra and (b) Gaussian fitting PLE spectra of ZGO:xNi monitored at
1310 nm, (c) PL spectra of ZGO:xNi excited by 310 nm and (d) PL spectra of
ZGO0:0.005Ni excited by 602 nm. The insets in (a) and (c) are the intensity ratios of 310

nm/ 1265 nm, 1374 nm/ 1265 nm and 11310 nm/ 11276 nm.

The prepared samples can exhibit intense NIR afterglow after being exposed to UV-
light irradiation. The NIR afterglow decay curves of ZG0O:0.005Ni** sample are
displayed in Fig. 6a, which confirms that the NIR afterglow of all samples can last at
least 500 s after exposure to the UV light for 6 min. This is mainly due to that the
afterglow luminance at 500 s is estimated to be higher than 0.87 mcd/m?, which is
greater than the value of 0.32 mcd/m? [63]. In addition, the sample exhibits the best
persistent luminescence after excitation with 254-nm UV light, since the 254-nm UV
light with the highest energy can make all the electron traps be fully filled. It is believed
that electron traps play a great important role on persistent luminescence, and the

distribution and the number of traps are the key factors [32, 65, 66]. After removing the
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excitation light, the electrons will escape from the traps and jump into the energy level
of the luminescence center with a thermal disturbance, thus resulting in the afterglow.
Therefore, the TL measurement of the sample is used to analyze the traps of the sample.
Fig. 6b-d show the Gaussian fitting TL glow curves for the ZG0:0.005Ni?* sample. The
approximate trap depth E can be estimated by the following equation [67]:

E = Tw/500 ()
where Tm is the temperature of the peak maximum in TL glow curves (kelvin
temperature). We can see that there are two peaks for the sample’s TL curves. Low and
high temperature peaks (T1 and T>) correspond to shallow and deep traps, respectively.
The two traps are formed by two different kinds of defects: one is the anti-site defects
caused by Ga®* replaced by Zn?*; the other is the oxygen-vacancy defects formed by
the replacing of Ni?* for Ga®*. The calculated electron-trap depths (E1 and E>) for the
sample are shown in Table 2. For Aex = 254 nm, the calculated values are E; = 0.726 eV
and E2 = 0.832 eV; For Aex = 302 nm, the calculated values are E1 = 0.710 eV and Ez =
0.784 eV; For Aex = 365 nm, calculated values are E; = 0.670 eV and E2 = 0.742 eV. As
the wavelength of the UV excitation light source increases, the peaks of T1 and T shift
to lower temperature and the E value decreases. During the same time period, the 254-
nm excited sample has the strongest afterglow, but the 365-nm excited sample has the
weakest afterglow (Fig. 6a). Higher-energy light excitation makes the traps be full filled
with the excited electrons, both for the shallow and deep traps. However, lower-energy
light excitation makes the traps be part filled, and the lower energy of the excitation
light is the smaller the filling proportion is (Fig. 6e). Therefore, the phosphor excited

by 254-nm exhibits the best persistent luminescence.
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Fig. 6. (a) Persistent luminescence decay curves, (b-d) Thermo-luminescence (TL)
curves and (e) Schematic diagram of the trap being filled with electrons for

ZG0:0.005Ni?* sample after 254-nm, 302-nm and 365-nm UV light illumination for 6
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Table 2
Calculated trap depths (E) of ZGO:0.005Ni?*.
UV light/nm TYK TAK EileV EoleV
254 358 416 0.726 0.832
302 355 392 0.710 0.784
365 333 371 0.670 0.742
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Tanabe-Sugano diagram is used to interpret the emissions of transition metal ions
(Fig. 7a). The crystal field parameters of Ni** were estimated from the absorption

spectra according to the Tanabe-Sugano equations [68-70]:

_
Dq= 15 (8)
_ (»m-2v)(v2-v1)
B= v ©)

where Dq is the crystal field strength parameter, B is the electronelectron Racah
parameter, and v1 and v2 are the energy of the 3Ax(F)—3T2(F) and 2Ax(F)—°T1(P)
transitions, respectively. The ratio of 10Dq to B indicates the ligand field strength
around the Ni?* jon and the evaluated value of x = 0.005 sample from the above
equations is 10Dq¢/B = 15.47. The related luminescence mechanism and persistent
luminescence in this work can be derived from the Tanabe-Sugano diagram (Fig. 7b).
Under the excitation of UV lamp, some electrons are excited from valence band (VB)
to conduction band (CB), and some are excited from the ground state 3A2(°F) of Ni?* to
energy levels of 3T1(3F) and 3T1(®P) of Ni?*. Then the excited electrons return from CB,
3T1(F) and 3T1(%P) to 3T2(°F) energy level through non radiative transition, and the
transition of electrons from *T,(°F) to A2 (°F) contributes to the NIR emissions. Besides,
under the excitation of UV light, the electrons, promoted to conduction band (CB),
could be captured by the electron traps near the CB and the electron traps are filled
during a sufficient illumination time. After removing the UV light irradiation,
recombination between the electrons released from the electron traps through
conduction band and the excited energy levels of Ni?* contributes to the NIR afterglows.
The prepared ZnGa,O4:Ni?* persistent phosphors are the potential materials for
application in vivo imaging, due to their charming emissions and afterglows locating in

NIR-11 window [28].
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Fig. 7. (a) Tanabe—Sugano diagram of octahedral Ni?* and (b) Schematic illustration

for the luminescence mechanism of ZGO:Ni%* phosphors.

4. Conclusions

In this work, we have successfully synthesized ZnGaz04:xNi?* (x = 0-0.01) persistent
luminescent phosphors via a traditional high-temperature solid-state reaction, which
feature a broad emission band in the second near-infrared (NIR-11) window. The
samples were characterized by XRD, XPS, EPR, DFT calculations, UV-Vis-NIR, TL,
PLE/PL spectroscopy, and persistent luminescence decay analysis. Ni?* is more likely
to occupy Ga*" site in ZnGa,04, forming a six-coordinated octahedron. The
incorporation of Ni?* ions leads to the formation of oxygen vacancies (Vg), which
contributes to a decrease of band gap and a red shift of charge transfer band (Ni-O and
Ga-0). The samples can not only be excited by ultraviolet (UV) light but also by
orange-red light, which exhibit a broad NIR emission at about 1310 nm
CT2CF)—3A.(F) transition of Ni?*). After removing the light source, the sample
outputs intense NIR afterglow, which can last more than 500 s. The x = 0.005 sample
exhibits the strongest NIR emission, and the sample excited by 254-nm UV light
outputs the best persistent luminescence. The prepared ZnGazO4:Ni?* persistent
phosphors are the potential materials for application in vivo imaging, due to their
charming emissions and afterglows with the wavelength locating in NIR-11 window.

However, the duration and intensity of the afterglow need to be further improved in the
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future, because long lasting and intense NIR signals are necessary for the practical vivo

imaging application.
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Table S1 The acronyms of the words.

acronyms
near-infrared NIR
ultraviolet uv
visible VIS
aggregation-induced-emission AIE
X-ray diffraction XRD
X-ray photoelectron spectroscopy XPS
electron paramagnetic resonance EPR
photoluminescence excitation PLE
photoluminescence PL
thermo-luminescence TL
conduction band CB
electronegativity EN
valence band VB
conduction band bottom CBB
diffuse reflectance DR
charge transfer CT
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