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Bio-Inspired Multiple Responsive NIR II Nanophosphors for
Reversible and Environment-Interactive Information
Encryption

Tianpei He, Jing Xi, Rui Zhao, Na Chen,* and Quan Yuan*

Inspired by the natural responsive phenomena, herein the multiple
responsive persistent luminescent Zn1.2Ga1.6Ge0.2O4:Ni2+ (ZGGO:Ni)
nanoparticles with near-infrared (NIR) II emission peak ≈1330 nm derived
from the Ni2+ doping through controlled synthesis based on hydrothermal
method are obtained. The obtained NIR II persistent luminescent ZGGO:Ni
can not only respond to temperature but also the specific solvent stimulus.
The results demonstrate that the NIR II persistent luminescence intensity
decreases in hydroxyl containing solvent such as water (H2O) and ethyl
alcohol (C2H6O), while the PL intensity remains in solvent without hydroxyl
groups such as n-hexane (C6H14) and deuterated water (D2O). This NIR II
luminescence quenching is attributed to the adsorption of interaction
hydroxyl groups in specific solvents with the amino group on the surface of
ZGGO:Ni and the subsequent fluorescence resonance energy transfer
mechanism. Benefiting from the multiple responsive properties, the obtained
NIR II persistent luminescent ZGGO:Ni is utilized for high-order dynamic
optical information encryption, providing increased security level. The
multi-responsive NIR II persistent luminescence strategy outlined in this
study is anticipated to offer a straightforward methodology for optimizing the
optical characteristics of NIR II persistent luminescent materials. Moreover, it
is set to expand the scope of their applications in the realm of dynamic and
environment-interactive information encryption, thereby opening frontiers for
their utilization in advanced security measures.
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1. Introduction

In nature, many organisms have evolved
the ability ingeniously to interact with
the external environment, equipping them-
selves to avoid damage from an outside
force and to increase their survival.[1] For ex-
ample, the well-known chameleons are ca-
pable to dynamically change their color ap-
pearance through the variation of the gua-
nine nanocrystal structures beneath their
skin in response to external environment,
enabling self-camouflage and species warn-
ing communications.[2] Recently, inspired
by the natural responsive phenomena, re-
sponsive nanomaterials that can respond to
various external stimuli such as light, heat
and humidity into signals have raised nu-
merous attentions and have been widely
adopted in the application of biosensing,
information encryption, smart home and
etc.[3] However, the currently reported re-
sponsive nanomaterials are largely limited
and most of them can only realize a single
stimulus-response such as temperature,[4]

humidity,[5] pH.[6] Additionally, the respon-
sive mechanism of nanomaterials are still
remaining unclear, limiting the design
and development of responsive nanoma-
terials with multi-functions for intelligent
biosensing, information encryption and etc.

Persistent luminescent nanomaterials, which enables the stor-
age of photogenerated charge carriers through the defect struc-
tures, can remain the luminescence even after the excitation
ceases under the external stimulation.[7] The defect structures
and electronic structures of persistent luminescent nanomateri-
als can be dynamically regulated in respond to the external en-
vironment such as heat and light, thus achieving the dynamic
and multiple responses.[8] The intrinsic above optical properties
of persistent luminescent nanomaterials are well suited for the
design and exploit of new external stimulus responsive nano-
materials. Near-infrared (NIR) II nanomaterials (ranging from
1000 to 1700 nm) with the unique advantages such as strong con-
cealment, resistance to visible light interference, and deep tissue
penetration, have recently garnered significant attention.[9] De-
veloping NIR II persistent luminescent nanomaterial with mul-
tiple and sensitive responses to external stimulus is crucial for
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the facilitated development in smart biosensing, bioimaging, and
information encryption. Unlocking the synthesis of NIR II per-
sistent luminescent nanomaterials and delineating the response
mechanisms are essential for achieving sensitive and dynami-
cally responsive materials to external stimuli, offering tools and
insights to broaden their potential applications.

Inspired by the natural phenomenon in which chameleons
camouflage themselves in response to external environmental
factors, herein we obtained the multiple responsive NIR II per-
sistent luminescent Zn1.2Ga1.6Ge0.2O4:Ni2+ (ZGGO:Ni) peaked
≈1330 nm through controlled synthesis based on hydrothermal
method for environment-interactive information encryption ap-
plications. According to the structure-activity relationship analy-
sis, it is found that the NIR II emission derives from the Ni2+ dop-
ing by introducing new energy levels. Additionally, the obtained
NIR II persistent luminescent ZGGO:Ni can not only respond to
temperature but also the solvent stimulus. The results demon-
strate that the NIR II persistent luminescence (PL) intensity de-
creases in hydroxyl solvent such as water (H2O) and ethyl alco-
hol (C2H6O), while the PL intensity remains in solvent without
hydroxyl groups such as n-hexane (C6H14) and deuterated water
(D2O). Based on the results and the previous reports, it is hypoth-
esized that the NIR II PL responses to the external solvent owing
to the adsorption of interaction groups in specific solvents with
the amino group on the surface of ZGGO:Ni and the subsequent
fluorescence resonance energy transfer mechanism. Moreover,
the obtained multiple responsive NIR II persistent luminescent
ZGGO:Ni has been utilized for multi-color and dynamic optical
information encryption to further increase the security level as
demonstrated in Figure 1. Overall, the proposed multiple respon-
sive NIR II PL strategy in this work is expected to provide a facile
method for the optical properties optimization of NIR II persis-
tent luminescent materials and pave ways for broadening their
applications in multi-dimensional and dynamic information en-
cryption (Scheme 1).

2. Results and Discussion

2.1. Preparation and Environmental Responsiveness of NIR II
ZGGO:Ni Nanophosphor

Currently, a serious NIR II nanophosphors have been developed
such as NaYF4:Ln@NaYF4,[10a] Cs2M(Ln1-xSbx)Cl6 (M = alkali
metal),[10b] CaSnO3,[10c] MgGeO3:Ln,[10d] and etc.[10e,f] However,
researchers mainly focus on the bioimaging application in deep
tissue and there is a scarcity of studies exploring the NIR II persis-
tent luminescence responses to environmental stimuli.[9h] Zinc
gallogermanate (ZnGaGeO) has garnered significant interest in
the development of phosphor materials owing to its facile syn-
thesis process and outstanding performance characteristics.[11]

Ni2+ has been previously recognized for its octahedral coordi-
nation, which enables d-d electronic transitions. These specific
valence substitutions play a crucial role in generating persis-
tent luminescence within the near-infrared (NIR) II region.[12,13]

Indeed, numerous studies have focused on developing innova-
tive NIR II persistent luminescent materials centered around
Ni2+.[13] However, most of the materials documented to date have
bulky architectures,[13] which inherently limits their wider appli-
cation prospects. Moreover, the multi-responsive properties and

environment-interactive functionalities of these NIR II persistent
luminescent materials remain largely uncharted territories.[14]

Herein, we obtained the NIR II long afterglow nanophosphor
ZGGO:Ni by a hydrothermal method (Figure S1, Supporting
Information). As shown in Figure 1a, the prepared nanophos-
phors can remain the NIR II luminescence even after the exci-
tation ceases. It can be observed that the synthesized ZGGO:Ni
samples predominantly exhibit a spherical morphology with
uniform shapes and sizes, distributed within a range of 10 to
25 nm (Figure 1b; Figure S2, Supporting Information). The X-ray
diffraction (XRD) pattern of ZGGO: Ni (Figure S3, Supporting
Information) reveals diffraction peaks consistent with the stan-
dard pattern of JCPDS 38–1240, indicating a typical cubic spinel
structure. In addition, as shown in Figure S4 (Supporting Infor-
mation), it can be observed that all elements including Zn, Ga,
Ge, O, and Ni are uniformly distributed across the surface and
interior of nanoparticles, indicating the successful introduction
of Ni2+ ions into ZGGO.

Subsequently, the optical properties and responsive behaviors
are further explored. According to the transient decay curve in
Figure 1c, the photogenerated electron lifetime of ZGGO: Ni can
be calculated to be 190.3 μs, suggesting a long lifetime persis-
tent luminescence. Furthermore, the introduction of H2O onto
the surface of ZGGO:Ni nanoparticles results in a noticeable re-
duction in the lifetime of photogenerated electrons, signifying
the occurrence of a quenching effect. Additionally, it can also be
seen clearly that the persistent luminescence intensities in visi-
ble and NIR regions with the peaks ≈410 and 1330 nm both de-
creased dramatically upon the addition of H2O as demonstrated
in Figure 1d,e, further validating that H2O or humility impacts
on the optical properties of the NIR II persistent luminescent
ZGGO: Ni nanoparticles. The NIR II decay images shown in
Figure 1f illustrate that the ZGGO:Ni phosphors are capable of
emitting persistent NIR II luminescence even after excitation
ceases, a property that lasts for up to 800 ms. However, upon
the introduction of H2O, the persistent NIR II luminescence is
effectively quenched (Figure 1g). Considering that phosphor ma-
terials can typically response to external stimulus such as tem-
perature as reported previously,[15] the NIR II decay images at
different temperatures have also been obtained. As illustrated in
Figure 1h, it is evident that the intensity of NIR II persistent lu-
minescence diminishes with the rise in temperature. This reduc-
tion can be attributed to the enhanced release of trapped carriers,
which promotes recombination luminescence (Figure 1i). Above
all, the aforementioned findings demonstrate that the prepared
NIR II persistent luminescent ZGGO:Ni nanoparticles exhibit re-
sponsive optical properties to both H2O and temperature varia-
tions. The prepared NIR II ZGGO:Ni nanophosphor, endowed
with the unique environmental responsiveness, is poised to out-
perform alternative nanophosphors in the realms of intelligent
sensing and environment-interactive information encryption.

2.2. Mechanisms of the NIR II Persistent Luminescence and the
Environmental Responsiveness

To gain profound insights into the NIR II persistent lu-
minescence mechanism and the responsiveness of the pre-
pared ZGGO:Ni nanophosphors, further investigations into the
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Figure 1. Characterization of the structure and optical properties of ZGGO:Ni nanophosphor. (a) Schematic illustration of the ZGGO:Ni nanophosphor
with NIR II emission. (b) TEM image of ZGGO: Ni. (c) transient decay curves of ZGGO: Ni. (d) Persistent luminescence spectra of ZGGO: Ni in
visible region under 275 nm excitation. (e) Persistent luminescence spectra of ZGGO:Ni in NIR region under 275 nm excitation. (f) NIR persistent
luminescence decay images upon the addition of water across time. (g) Schematic illustration of the NIR persistent luminescence quenching of ZGGO:Ni
nanophosphor. (h) NIR persistent luminescence decay images under different temperature conditions. (i) Schematic illustration of the NIR persistent
luminescence response to environmental temperature variations.

electronic and defect structures, as well as the energy transfer
processes were conducted. The phosphorescence spectrum pre-
sented in Figure 2a clearly indicates that the NIR peak emis-
sion centered ≈1330 nm is a distinctive feature of ZGGO:Ni
nanophosphors, whereas the ZGGO nanophosphor does not ex-

hibit NIR emission characteristics. In addition, it can be found
that the emission intensity peaked ≈410 nm in visible region
both in ZGGO and ZGGO:Ni, which can be ascribed to ZGGO
host material (Figure S5, Supporting Information). These ob-
servations strongly suggest that the presence of Ni2+ doping is
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Scheme 1. Schematic illustration of the NIR II persistent phosphors for multiple and dynamic information encryption.

directly linked to the NIR II emission phenomenon. Further-
more, it is noticeable that the NIR II emission intensity initially
increases with the rising concentration of Ni2+ and subsequently
declines. The doping contents of Ni2+ were further tested with in-
ductively coupled plasma mass spectrometry (lCP-MS) (Table S1,
Supporting Information). The results indicate that excess Ni2+

doping leads to a decrease in luminescence efficiency, which can
be ascribed to the concentration quenching effects (Figures S6
and S7, Supporting Information).[16] Furthermore, the ZGGO:Ni
nanophosphors demonstrate a significant NIR II emission with
a high quantum yield of 12.3%, which is comparable to previ-
ously reported NIR phosphors.[9i,11d] The Tauc plot depicted in
Figure 2b reveals that the bandgap of the ZGGO:Ni nanophos-
phor is 4.36 eV. The photoelectron spectroscopy (UPS) spectrum
as shown in Figure 2c,d enables us to determine that the Fermi
level (Efermi) is located at 3.58 eV, while the cutoff energy (Ecutoff) is
positioned at 16.34 eV. Subsequently, the valence band edge (EVB)
has been calculated to be −8.46 eV with the detailed method-
ology provided in the methods section. Consequently, the con-
duction band (ECB) edge potential can be calculated to be located
at −0.40 V. The excitation spectrum in Figure 2e demonstrates
four excitation peaks which can be ascribed to 3A2g(3F)—1Eg(1G),
3A2g(3F)—3T1g(3P), 3A2g(3F)—1Eg(1D) and 3A2g(3F)—3T1g(3F).[17]

Additionally, according to the thermoluminescence spectra of
NIR II ZGGO:Ni nanophosphor, the trap depths E (with re-
spect to the conduction band edge) can be roughly estimated to
be 0.75 eV, which is recognized to be a good compromise for
a strong room temperature long-lasting luminescence (Figure
S8, Supporting Information). Based on the measured emission
spectrum, the excitation spectrum, and the determined bandgap
value, the NIR II persistent luminescence mechanism for the
prepared NIR II ZGGO nanophosphor has been proposed. As
shown in Figure 2f, the Ni2+ doping introduces new energy lev-
els and the NIR II persistent luminescence at 1330 nm can be as-

cribed to the defect trapped charge transfer transitions 3T2g(3F)—
3A2g(3F).[17]

As previously discussed, our findings reveal that the prepared
NIR II persistent luminescent ZGGO:Ni nanoparticles exhibit re-
sponsiveness to external H2O. To delve deeper into the underly-
ing responsive mechanisms, we have expanded our investigation
to include the nanophosphor’s reactivity to a variety of molecules,
such as dimethyl sulfoxide (C2H6OS), tetrahydrofuran (C4H8O),
n-hexane (C6H14), acetonitrile (C2H3N), ethyl alcohol (C2H5OH),
methyl alcohol (CH3OH) and deuterated water (D2O). As evi-
denced in the decay images captured in the near-infrared (NIR)
region in Figure 2g and the persistent intensities in the NIR
II window in Figure 2h, it is interesting to find that the addi-
tion of C2H6OS, C4H8O, C6H14, C2H3N or D2O does not signifi-
cantly alter the decay intensities of the ZGGO:Ni nanophosphors.
The persistent luminescence intensities all remain comparable to
those of the unadulterated ZGGO:Ni over time. In contrast, the
luminescence intensities of the ZGGO:Ni nanophosphors are ev-
idently diminished with the introduction of C2H5OH, CH3OH,
and H2O. Additionally, the persistent luminescent intensity of
ZGGO:Ni phosphor upon the treatment of different ratio of
H2O/D2O (v/v) in Figure S9 (Supporting Information) further
validates this specific response. Collectively, the above results in-
dicate a selective responsiveness of NIR ZGGO:Ni phosphor to
certain solvents. Given that all three molecules contain hydroxyl
groups, it is reasonable to attribute the quenching of NIR II lu-
minescence to the adsorption of these hydroxyl groups.[18]

Indeed, aside from solvents containing hydroxyl groups, it
has been observed that solvents with carboxyl groups, such
as formic acid (HCOOH), acetic acid (CH3COOH), propionic
acid (CH3CH2COOH) and n-caprylic acid (C8H16O2), also effec-
tively quench the NIR II persistent luminescence, as evidenced
in Figure S10 (Supporting Information). The luminescent en-
ergy is likely transferred to specific environmental molecules,
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Figure 2. The NIR II luminescence mechanism and environmental response mechanism (a) Persistent luminescence spectra of ZGGO:Ni with different
Ni content in NIR region. (b) Tauc plot of ZGGO:Ni. UPS spectrum of ZGGO:Ni to determine the corresponding (c) Efermi and (d) Ecutoff. (e) Excitation
spectra of ZGGO:Ni. (f) Schematic illustration of the NIR II luminescence mechanism of ZGGO:Ni. (g) NIR persistent luminescence decay images upon
the addition of different solvent across time. (h) NIR persistent luminescence intensity upon the addition of different solvent. (i) Emission spectra of
ZGGO:Ni nanophosphors and absorption spectrum of different solvents. (j) Schematic illustration of the NIR II luminescence quenching mechanism
of ZGGO:Ni.
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leading to the evidently observed changes in luminescence. As
depicted in the Fourier transform infrared spectra in Figure S11
(Supporting Information), the presence of both hydroxyl and
amino groups on the surface of ZGGO:Ni nanophosphors is
evident. The observed quenching of NIR II luminescence in
solvents containing hydroxyl and carboxyl groups is likely at-
tributed to the specific solvents’ close adsorption and interaction
to the nanophosphor surface and the subsequent fluorescence
resonance energy transfer (FRET) mechanism. To further vali-
date the above conjecture, absorption spectrum of various sol-
vents were measured.[9g] As shown in Figure 2i, overlaps between
the normalized NIR emission spectra of ZGGO:Ni nanophos-
phors with the absorption spectrum of solvents containing hy-
droxyl groups can be observed, indicating the occurrence of en-
ergy transfer from ZGGO:Ni nanophosphors to solvents. On the
whole, according to the above results and considering that the
energy transfer typically need to meet two key factors: distance
and matched energy,[19] it is reasonable to attribute the quench-
ing of NIR II luminescence to the intimate adsorption and inter-
action of specific solvents with ZGGO:Ni, followed by the sub-
sequent fluorescence resonance energy transfer (FRET) mecha-
nism (Figure 2j).

As demonstrated above, it is validated that the luminescence
emission of H2O/ZGGO:Ni solution is totally quenched. Thus,
we argue that instead of undergoing a recombination process,
photo-excited electrons from ZGGO:Ni are transferred to exter-
nal substance H2O.[20] The transferred photo-excited electrons
might be promising for water-splitting. To test the speculation,
both the hydrogen evolution reaction (HER) and the oxygen evo-
lution reaction (OER) were further tested. Interestingly, it can be
seen that the ZGGO:Ni nanophosphors achieve hydrogen evolu-
tion reaction with the rate of 613.66 μmol h−1 g−1 at 2 h as shown
in Figure S12a (Supporting Information). This result is consis-
tent with the band structure in which the CB edge potential of
ZGGO:Ni locates at −0.40 V, more negative than the redox po-
tential of H+/H2, that is energetically favorable for the hydrogen
evolution reactions (Figure S12b) (Supporting Information). The
above results indicate that our work might offer special insights
for photocatalyst selection and design.

2.3. Reversible and Environment-Interactive Information
Encryption

Equipped with the distinctive capabilities of environmental re-
sponsiveness and NIR II persistent luminescence, the pre-
pared NIR II ZGGO:Ni nanophosphor has enabled us to de-
vise a reversible and environment-interactive information en-
cryption strategy featuring multichannel encoding as illustrated
in Figure 3. Currently, a serious phosphors with different emis-
sion wavelengths based on ZGGO host have been reported. For
example, ZGGO:Mn and ZGGO:Cr nanomaterals have the emis-
sions ≈535 and 709 nm respectively (Figure S13, Supporting
Information). In other words, the color tunability can be eas-
ily achieved by the different ion doping, which offers a multi-
ple emission strategy for anticounterfeiting with high security
level. The integration of the prepared multi-responsive and dy-
namic NIR II ZGGO:Ni nanophosphors with ZGGO:Mn and
ZGGO:Cr has enabled the construction of multichannel encod-

ing, thereby enhancing the anti-counterfeiting properties of the
information.[5b,21] As shown in Figure 3a, the flower picture infor-
mation is successfully encrypted and the accurate decryption of
the encrypted information requires decoding at a specific wave-
length after the cessation of specific excitation light irradiation
under 275 nm (Figure S14, Supporting Information). Further-
more, considering that the NIR lifetimes of ZGGO:Ni nanophos-
phors can be regulated through doping with different concen-
tration of Ni2+, the information can be encrypted dynamically
from the dimension of lifetime. As show in Figure 3b, the cor-
rect “3051” number information can be only decoded at a spe-
cific time after the excitation ceases (Figure S15, Supporting In-
formation). Moreover, the dimension of environmental stimuli
can provide an added layer of protection for information encryp-
tion. As demonstrated in Figure 3c, the “WHU” character ex-
hibits dynamic and reversible responses to external stimuli such
as temperature and humidity. Consequently, the information is
only accessible under specific environmental conditions, further
securing the encryption (Figure S16, Supporting Information).

Equipped with the versatile and dynamically responsive NIR
II ZGGO:Ni nanophosphors, we have advanced to develop an in-
novative anti-counterfeiting strategy. This code-in-code strategy
employs smart encoding across multiple dimensions, including
wavelength, luminescence lifetime, and external stimuli such as
temperature and humidity as illustrated in Figure 3d. Specifically,
the encrypted information was encoded into a quick-response
code, which can present various contents under different wave-
lengths, time frames, and environmental conditions. The accu-
rate retrieval of the information is contingent upon accessing it
at a precise condition, effectively filtering out and separating in-
terfering data to access the intended message (Figures S17–S20,
Supporting Information). Additionally, it merits emphasis that
the prepared NIR II ZGGO:Ni nanophosphors have exhibited
remarkable reversibility and stability, as evidenced by the XRD
patterns and persistent luminescence spectrum in Figures S21
and S22 (Supporting Information). Overall, the multi-responsive
NIR II persistent luminescent strategy presented in this study
is anticipated to offer a straightforward approach for optimizing
the optical properties of NIR II persistent luminescent materi-
als. Furthermore, it is poised to open up avenues for expanding
their applications in multi-dimensional and dynamic informa-
tion encryption, thereby enhancing their utility in advanced se-
curity technologies.

3. Conclusion

In summary, this study successfully synthesized
Zn1.2Ga1.6Ge0.2O4:Ni2+ (ZGGO:Ni) nanophosphor with NIR
II emission that is responsive to environmental stimuli, includ-
ing temperature and solvent variations. It was observed that
the NIR II persistent luminescence intensity was diminished
in solvents containing hydroxyl groups, such as water (H2O)
and ethyl alcohol (C2H6O), while the persistent luminescence
intensity was retained in solvents lacking hydroxyl groups, such
as n-hexane (C6H14) and deuterated water (D2O). The quenching
effect, as evidenced by the outcomes and supported by prior
research, can be reasonably ascribed to the specific solvents’
close adsorption and interaction to the nanophosphor surface
and the subsequent FRET mechanism. Furthermore, leveraging
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Figure 3. The application of NIR II ZGGO:Ni nanophosphors in multi-dimension and dynamic information encryption. (a) Encryption of picture based
on ZGGO:Ni, ZGGO:Mn, and ZGGO:Cr with different emission wavelength. (b) Encryption of numbers based on NIR II ZGGO:Ni nanophosphors with
different luminescence lifetime. (c) Encryption of characters based on environmental stimulus including temperature and humidity. (d) Implementation
of controllable orthogonal encryption techniques by integrating ZGGO phosphors with the code-within-code strategy.
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the versatile and dynamically responsive NIR II ZGGO:Ni
nanophosphors, an innovative anti-counterfeiting strategy has
been developed. This strategy allows for the encryption of in-
formation across multiple dimensions, including wavelength,
luminescence lifetime and external stimuli like temperature
and humidity, significantly enhancing information security.
The multi-responsive NIR II phosphor strategy presented in
this study is anticipated to provide a simplified method for
optimizing the optical properties of NIR II nanophosphors and
to pave pathways for their applications in multi-dimensional
and environment-interactive information encryption, thereby
reinforcing their role in cutting-edge security technologies.

4. Experimental Section
Materials: Nickel nitrate (Ni(NO3)2·9H2O), zinc nitrate hexahydrate

(Zn(NO3)2·6H2O), sodium hydroxide (NaOH), ammonium hydroxide
(NH3·H2O), concentrated nitric acid (HNO3), anhydrous ethanol, and
sulfuric acid were procured from Sinopharm Chemical Reagent Co., Ltd.
(China). Gallium nitrate (Ga(NO3)3) and germanium oxide (GeO2) were
sourced from Shanghai Maclin Biochemical Technology Co.

Characterization: The morphological features of the samples were ex-
amined using a transmission electron microscope (JEOL JEM-2100, Japan,
200 kV). The crystal structure of ZGGO:Ni was investigated with an X-ray
powder diffraction system (Buerker D8 Advance, Germany) employing Cu-
K𝛼 radiation (wavelength 𝜆 = 1.5406 Å). X-ray photoelectron spectroscopy
(Thermo Fisher Scientific Escalab 250Xi) was utilized for the analysis of X-
ray photoelectron spectra. The morphology and elemental composition
of ZGGO:Ni were analyzed with a scanning electron microscope (Zeiss
Merlin Compact) and energy-dispersive X-ray spectroscopy (Zeiss Merlin
Compact, Germany). The persistent luminescence and excitation spectra,
decay curves, and transient decay curves of the samples were recorded on
a fluorescence spectrometer (Edinburgh Instruments FLS980). The ultra-
violet/visible diffuse reflectance spectrum was obtained with a Shimadzu
UV-3600 spectrometer. Ni2+ doping contents were determined with induc-
tively coupled plasma mass spectrometry (lCP-MS) (PQ-MS).

Synthesis of the ZGGO:X% Ni2+: The 0.4 m Na2GeO3 solution was
prepared by thoroughly reacting solid GeO2 with an aqueous NaOH so-
lution. Additionally, 0.5 m Ga(NO3)3, 0.5 m Zn(NO3)2, 0.4 m Ga(NO3)3,
and 0.1 m Ni(NO3)2 solutions were prepared as precursor solutions for
the synthesis of ZGGO:X% Ni2+ nanoparticles.

The ZGGO:X% Ni2+ nanoparticles were synthesized by a hydrother-
mal method. The preparation of ZGGO:1% Ni2+ was used as an example.
Briefly, 3.2 mL of Ga(NO3)3, 2.4 mL of Zn(NO3)2, 0.5 mL of Na2GeO3, and
0.5 mL of Ni(NO3)2 were sequentially added to a beaker according to the
stoichiometric ratio. Then, an appropriate amount of NH3·H2O (28 wt.%)
was added with magnetic stirring to adjust the pH of the solution to 8.5.
Then the solution was stirred for 1 h at room temperature. After that, the
solution was transferred into a Teflon-lined autoclave and reacted at 220 °C
for 10 h. The resulting product was then obtained by centrifugation and
washed with deionized water to obtain the prepared ZGGO:Ni nanoparti-
cles. Following the above steps, the remaining ZGGO:X% Ni2+ nanopar-
ticles can be synthesized using corresponding amounts of Ga(NO3)3,
Zn(NO3)2, Na2GeO3, and Ni(NO3)2 solutions.

Valence Band Energy Calculation: The valence band energy (EVB),
equivalent to the ionization potential, was assessed using ultraviolet pho-
toelectron spectroscopy (UPS). With the formula hv + EFermi – Ecutoff
(where hv is 21.22 eV, representing the excitation energy of the He I
Source Gun), the EVB values for ZGGO:Ni can be calculated. Based on the
vacuum energy (EVB(vacuum)) and the normal hydrogen electrode poten-
tial (EVB(NHE)), the EVB versus NHE values were determined. Combining
this data with the bandgap values obtained from UV-vis diffuse reflectance
spectra, the band positions of ZGGO:Ni were established.

The bandgap energy of the persistent photocatalyst, representing
the energy needed to excite an electron from the valence band to the

conduction band, was calculated using the Tauc plot method. This
method, as described in previous studies, relies on the energy-dependent
absorption coefficient 𝛼, which can be expressed by the equation:

Where h represents the Planck constant, v represents the photo’s fre-
quency, E represents the bandgap and c is a constant. The r factor depends
on the nature of the electron transition and is equal to 1/2 or 2 for the di-
rect and indirect transition bandgaps respectively. Here, r factor was set
as 2 according to the previous reference. According to the Tauc plot, the
bandgap of ZGGO:Ni were calculated.

The measurement of ZGGO:Ni Persistent Luminescence Decay Image:
The NIR-II small animal InGaAs camera (NIR vana, Princeton Instru-
ments) was utilized to characterize the persistent luminescence decay im-
ages of the samples. An optical filter is utilized to filter out wavelengths
shorter than 1045 nm. 50 mg sample was loaded in a 96-well plate and pre-
excited for 2 min by a ZF-5 portable ultraviolet lamp (16 W, 𝜆 = 365 nm).
The exposure time for NIR-II fluorescence imaging was st at 200 ms.

The Calculation of the Luminescence Lifetime of ZGGO:Ni: The persis-
tent luminescence decay curve of ZGGO:Ni was measured using a fluo-
rescence spectrometer at room temperature. The excitation wavelength of
275 nm were used as the measurement condition. The resulting data was
fitted with a third order-exponential decay model, expressed by the follow-
ing formula.

I(t) = A1e

(
−t
𝜏1

)
+ A2e

(
−t
𝜏2

)
+ I0 (1)

Among them, I(t) represents intensity, 𝜏1, 𝜏2, and 𝜏3 were the persistent
luminescence decay lifetime of the fast and slow components, respectively.
A1, A2, and A3 denoted the amplitudes at t = 0, and I0 was a constant. The
persistent luminescence decay lifetime 𝜏 can be calculated from the decay
lifetimes and amplitudes corresponding to these two components:

𝜏 =
A1𝜏

2
𝜏1
+ A1𝜏

2
𝜏1

A1𝜏1 + A2𝜏2
(2)

Trap Depth Analysis: Trap depth E can be approximated by Urbach
method:

E =
Tm

500
(3)

where Tm represents the temperature corresponding to the luminescence
peaks. According to previous reports, the trap ranging from 0.6 to 0.7 eV
can easily release captured electrons at room temperature. Conversely,
deeper traps require extrinsic stimulation (such as heat or optical treat-
ment) to facilitate electron release.

Photocatalytic H2 Evolution Tests: The photocatalytic activity of
ZGGO:Ni for hydrogen evolution was evaluated in a sealed Pyrex glass irra-
diation system. To begin, a platinum (Pt) co-catalyst was deposited in situ
onto the ZGGO:Ni support, with an intended Pt loading of 1 wt%. Specifi-
cally, 200 mg of ZGGO:Ni photocatalyst powder was dispersed in a 60 mL
methanol solution with a volume fraction of 33%, containing H2PtCl6 at a
concentration of 0.2 mmol L−1. After 30 min of ultrasonic dispersion, the
in situ photodeposition of Pt was carried out using a 500 W mercury lamp
for 3 h. Post-Pt deposition, the modified photocatalyst was placed into the
reaction setup and vacuum was applied. The system was then exposed to
simulated solar irradiation using a xenon lamp (PLS-SXE300/300UV, Per-
fectLight, Beijing, China) to assess the photocatalytic performance. The
gases produced in the reaction vessel were collected with a microinjector
pump and analyzed by gas chromatography (GC-14C, Shimadzu, Japan).
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