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luminescence of ultrasmall ZnGa,0,4:Cr’* in
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Chromium(in)-doped zinc gallate (CZGO) is one of the representative persistent luminescent phosphors
emitting in the near-infrared (NIR) region. The emission wavelength it covers falls in the tissue-transparent
window, making CZGO a promising optical probe for various biomedical applications. The PersL mechanism
dictates that such a phenomenon is only profound in large crystals, so the preparation of CZGO with sizes
small enough for biological applications while maintaining its luminescence remains a challenging task.
Recent attempts to use mesoporous silica nanoparticles (MSN) as a template for growing nanosized CZGO
have been successful. MSN is also a well-studied drug carrier, and incorporating CZGO in MSN further
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expands its potential in imaging-guided therapeutics. Despite the interest, it is unclear of how the addition of
MSN would affect the luminescence properties of CZGO. In this work, we observed that forming a
CZGO@MSN nanocomposite could enhance the luminescence intensity and extend the PersL lifetime of
CZGO. X-ray absorption fine structure (XAFS) analysis was conducted to investigate the local structure of
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Introduction

Persistent luminescence (PersL) is a unique optical phenom-
enon present in some inorganic phosphors, where prolonged
luminescence can be observed after the removal of the excita-
tion source. The mechanism of PersL materials was first
reviewed by H. F. Brito."”” The defects in various Eu**-doped
inorganic matrixes were investigated using density functional
theory and a PersL mechanism was proposed. In brief, excited
electrons were first trapped by defects in the inorganic phos-
phor and slowly tunneled to the excited states of the emission
center. These excited electrons were then relaxed to the ground
state, releasing energy in the form of light. To date, the PersL
mechanism is still not fully understood. However, it is widely
accepted that the afterglow is correlated to deep electron traps
as a result of defects in the inorganic phosphor.>® The types of
defects include structural vacancies, antisites, and substitu-
tional impurities.’”® A representative commercialized material
with PersL property is Eu®>*,Dy*"-doped SrAl,O,4, which was first
used in signage and coating applications for the long-lasting
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Zn?*, and an interaction between Zn?* in CZGO and the MSN matrix was identified.

green emission properties.” Recently, PersL, phosphors with
emission within the near-infrared (NIR) regions were actively
explored for their potential applications in optical-based bioi-
maging. The NIR region is also known as the tissue-transparent
window as biological tissues and fluids are the most transpar-
ent in this region. Additionally, continuous excitation is not
required due to the long-lasting afterglow properties, which
could eliminate interference from tissue autofluorescence.
These properties make NIR-emitting PersL phosphors superior
to other conventional bioimaging probes such as gold nano-
particles and organic dyes.*® Ever since the first demonstration of
using MgSiOz:Eu*",Dy*",Mn>" in bioimaging, many host-activator
combinations were discovered to produce NIR PersL.">™ In
particular, chromium(m)-doped zinc gallate, abbreviated as CZGO,
is one of the most investigated materials of this class. The
characteristic emission wavelength for CZGO is ~700 nm, which
is related to the d-d forbidden transition of octahedrally situated
Cr** dopant ion." The biocompatibility and toxicity of CZGO have
also been evaluated, and the results support the safe use as in vivo
optical probe for bioimaging.'>'®

In addition to the optical properties, particle size also plays
an important role in nanoparticles used in biological applica-
tions. To ensure good clearance by the liver, the particle size
should be constrained to less than 150 nm.'” CZGO can be
synthesized with various methods, such as solid-state, hydro-
thermal, and sol-gel synthesis.'® The solid-state synthesis is a
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well-established and most effective method to synthesize PersL
phosphors. However, the method requires the use of high
temperature (>1000 °C), which often leads to crystal growth
in the micron level. Nanosized PersL particles are often synthe-
sized under milder conditions. For example, hydrothermal
synthesis conducted at temperatures between 120 °C and
220 °C have shown promising results in synthesizing nanosized
CZGO.***"2! It was also demonstrated that the particle size can
be easily reduced by modifying the amount of metal ion
precursors used in the synthesis. To date, the lowest reported
particle size synthesizing using this method is less than 10 nm.
One drawback of hydrothermally synthesized CZGO is the weak
luminescence without any post-treatment and this is often
overcome with high-temperature annealing treatment.>'* How-
ever, the application of heat will also increase the particle size
to ~90 nm. Thus, it is urgent to find a solution to synthesize
smaller, but brighter CZGO nanoparticles.

Although CZGO possess ideal optical properties for optical-
based bioimaging, bare CZGO still lacks bioactivity without any
functionalization. Surface modification can be used to improve
the solubility and targeting ability of CZGO. Nonetheless, the
attachment of molecules usually leads to a drastic decrease in
luminescence. The limited surface area per particle also con-
strains the number of available attachments. As an alternative
approach, incorporating CZGO into a bioactive matrix is a pro-
mising strategy to preserve the pristine optical properties while
expanding its application in imaging-guided theragnosis.”*** Our
group previously investigated the use of amorphous calcium
phosphate (ACP), an established drug carrier, as a matrix for
CZGO loading.** CZGO has high affinity to the ACP, and a
composite can be successfully formed, but the morphology and
particle size of the nanocomposite was not ideal. Mesoporous
silica nanoparticles (MSN) are another class of drug carrier
material with high surface area and pore volume.>® Studies have
also proven it to have low toxicity, good biocompatibility, and high
stability.>*>® When MSN is incorporated into nanoparticle synth-
esis, it can act as a morphology controlling template for the
growth of uniform, small particles. To synthesize the nanoparti-
cle@MSN composite, the MSN is first synthesized using the
Stober method. Metal ion precursors were then introduced to
allow diffusion and crystallization within the mesopores of the
MSN. The resulting composite combines the advantages of having
superior optical properties from the nanoparticles and versatile
functionality from the MSN.>~"

The CZGO@MSN nanocomposite was first synthesized in
2015 by the Han group and the rechargeability of the nano-
composite was demonstrated.>® Since then, multiple studies
have also synthesized the nanocomposite with other dopants
(Sn**, and Yb’") to enhance the optical properties.>*~*> In these
studies, CZGO were confined within the MSN template, and the
overall particle sizes were between 50 nm to 100 nm. Micro-
scopy images have also revealed the sizes of the CZGO nano-
particles were all below 10 nm, which is smaller than any other
synthesis approaches reported so far. The toxicity of CZGO and
MSN are both low, and it has been shown that the combination
of the two components will also yield a product with low
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toxicity. In the form of CZGO-MSN core-shell nanostructures
and composites, multiple cell viability tests have confirmed
high cell survival rate even when a concentrated dose of sample
was used.**?%3” These properties make CZGO@MSN a promis-
ing material for biological applications. Regardless, to the best
of our knowledge, there has been no discussion on why these
ultrasmall CZGO nanoparticles exhibit luminescence and after-
glow duration comparable or better than the ones of larger
sizes. In this work, we investigated the origin of the strong
luminescence from the ultrasmall CZGO in MSN. CZGO@MSN
were synthesized following the method commonly used by the
community, and for comparison, free-standing CZGO were
synthesized without introducing the MSN template. The latter
have a crystalline size much larger than the CZGO within the
MSN. Interestingly, these CZGO@MSN exhibit much brighter
luminescence and longer PersL duration compared to the free-
standing CZGO. We identified the presence of an interaction
between the MSN template and CZGO that facilitated the
luminescence enhancement.

Experimental

Materials

Gallium nitrate hydrate [Ga(NO;);-xH,0, 99.9%], chromium(ur)
acetate monohydrate [Cr(CH3COO);,], hydrochloric acid [HCI,
37%, wt], and (3-aminopropyl)triethocysilane [APTES, 99 + %]
were purchased from Sigma Aldrich. Zinc acetate dihydrate
[Zn(CH3COO0),, 97 + %] was obtained from Alfa Aesar. Hexade-
cyltrimethylammonium bromide [CTAB, 99 + %] and ammo-
nium hydroxide [NH,OH, 28-32%, wt] were bought from
Thermo Fischer Scientific. Tetraethoxysilane [TEOS, 99 + %]
were purchased from Acros organics.

Synthesis of mesoporous silica nanoparticles (MSN)

MSN were prepared according to previous literature with
modifications.*® In a 100 mL round bottom flask, 1.15 g of
CTAB was dissolved in 56 mL of deionized water, 16 mL of
ethanol, and 0.1 mL of (NH,)OH. The above solution was
stirred for 30 minutes at 60 °C using an oil bath. 2.92 mL
of TEOS was then added to the above mixture and stirred for
2 hours at 60 °C. After the solution was cooled to room
temperature, a two-step centrifugation was performed. The
mixture was first centrifuged at 9000 rpm for 15 minutes. The
supernatant was collected and centrifuged at 10000 rpm for
10 minutes. The product was washed with ethanol three times
and dried at 60 °C for 12 hours. Calcination was then per-

formed for 5 hours at 550 °C, with a heating rate of 2 °C min.™".

Synthesis of the mesoporous silica-ZnGa,0,:Cr**
(CZGO@MSN) nanocomposite

The CZGO@MSN composite and the CZGO nanoparticles were
synthesized following an established protocol by Lin et al.*>* In
two separate vials, two stock solutions of 4 M Ga(NOj)3-xH,O
solution and 0.5 M Cr(CH3;COO); were made. A precursor
solution was then obtained by combining 0.5 mL of the
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Ga(NO3);-xH,0 stock solution, 2 pL of the Cr(CH3COO); stock
solution, and 0.2195 g of Zn(CH3;COO),. After the precursor
powder was dissolved, 0.1 g of MSN was added to the precursor
solution and stirred until all MSN particles were dispersed
evenly in the precursor solution. The mixture was then dried
in a vacuum oven at 60 °C for 16 hours. After, the product was
ground and annealed at 600 °C for 2 hours with a heating rate
of 5 °C minute *. When the product was cooled to room
temperature, it was ground again and annealed at 900 °C for
4 hours with a heating rate of 2 °C minute ' to obtain the
CZGO@MSN composite. The obtained product was then
washed three times using 0.01 M HCI by centrifugation, which
was conducted at 2000 rpm for 5 minutes. For comparison,
bare CZGO nanoparticles were synthesized following the iden-
tical procedure without the addition of MSN.

Synthesis of Zn-doped MSN

In a 100 mL round bottom flask, 1.15 g of CTAB, 56 mL of
deionized water, 16 mL of ethanol, and 0.1 mL of (NH,)OH was
added and stirred for 30 minutes at 60 °C. Then, 2.92 mL of
TEOS and 0.238 g of Zn(CH3;COO), was added to the flask. The
above mixture was stirred for 2 hours at 60 °C, and cool down to
room temperature. After, centrifugation was performed for
15 minutes at 9000 rpm. The supernatant was collected and
underwent centrifugation at 10 000 rpm for 10 minutes. This is
followed by three ethanol washing steps. (10000 rpm, 5 min-
utes). The collected product was dried at 60 °C for 10 hours.
Finally, calcination was then performed for 5 hours at 550 °C,
with a heating rate of 2 °C minute ™" to obtain the final product.

Characterization

X-ray diffraction (XRD) was performed on a Inel CPS Powder
diffractometer, equipped with a Cu Ko tube source. Fourier
Transform Infrared Spectroscopy (FT-IR) was measured on a
Perkin Elmer Spectrum Teo FT-IR Spectrometer. Transmission
electron microscopy (TEM) was obtained using a Thermo
Scientific Talos L120C spectrometer, with an attachment to per-
form energy dispersive X-ray spectroscopy (EDS). The obtained
data was analyzed with Image]. The Brunauer-Emmett-Teller
(BET) N, adsorption-desorption measurements were conducted
on a Micromeritics ASAP 2020 porosity analyzer at 77 K and the
specific surface area was measured by the BET method. The
samples were activated at 200 °C for 5 hours under vacuum prior
to the measurement. Photoluminescence (PL) spectroscopy was
performed using a StellaNet Inc UN318-1215 spectrometer and an
AvaSpec-ULS2048XL-EVO detector. The samples were excited with
254 nm and 395 nm UV lights. The PersL images were taken using
an in vivo imaging system (IVIS spectrum, PerkinElmer). The
samples were first excited using a 254 nm UV light for 5 minutes,
and then placed in the in vivo imaging system. The synchrotron
X-ray absorption near-edge structure (XANES) data was obtained
at the National Synchrotron Radiation Research Center (NSRRC)
using beamline TLS 17C1 for the Zn K-edge and at the Canadian
Light Source using the soft X-ray microcharacterization beam-
line (SXRMB) for the Si K-edge spectra. The Zn K-edge was
collected using the fluorescence yield (FY) detection mode. The
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Si K-edge was collected using the total electron yield (TEY) and
FY detection modes. The obtained data was analyzed using
Athena from the Demeter package.*®

Results and discussion

The crystal structure of the synthesized samples was examined
using XRD, listed as Fig. 1a. The diffraction pattern of
CZGO@MSN was compared to bare CZGO. Well-defined peaks
can be identified, and the diffraction patterns of both samples
matched the standard diffraction pattern of ZnGa,0, (JCPDS
00-038-1240). No impurity peaks were observed in the diffrac-
tion pattern of pure CZGO, indicating the synthesis method
adapted in this study yielded the CZGO without any impurity
phase. A broad peak was observed at 24°, showing the presence
of amorphous MSN in the nanocomposite. Additionally, narrow
diffraction peaks were observed in pure CZGO, suggesting high
crystallinity in the sample. This is different for CZGO@MSN.
The diffraction peaks were broader than the CZGO, showing
less-ideal CZGO crystallinity in the nanocomposite. Fig. 1b
displayed the FT-IR spectrum of CZGO@MSN compared to
pure CZGO and MSN. CZGO exhibited an intense peak at
570 em ' and a weaker peak at 410 cm '. The peaks were
attributed to the Zn-O and Ga-O metal-oxygen bonding vibra-
tions, respectively.’® In the FT-IR spectrum of pure MSN, the
absorption bands were assigned to Si-O-Si stretching (1059 cm ™),
Si-O stretching (808 cm™') and Si-O bending (445 cm™)
vibrations.*® All the above bands were observed in the spectrum
of CZGO@MSN, verifying the presence of both the MSN and CZGO
components in the synthesized nanocomposite. The morphology of
the synthesized samples was then studied using TEM, shown as
Fig. 1c. Vacant pores of MSN appeared as a light grey color in the
TEM image, while loaded pores were black, suggesting the CZGO
particles were synthesized within the pores of the MSN template.
The average particles size of pure CZGO is 75.6 nm, which is
relatively large compared to the CZGO synthesized in the
CZGO@MSN nanocomposite. It is also significantly larger than
bare CZGO nanoparticles synthesized using the hydrothermal
method. The size of hydrothermally synthesized CZGO can be
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Fig. 1 (a) The X-ray diffraction pattern of CZGO and CZGO@MSN com-
pared to pure MSN and the standard diffraction of ZnGa,O4 (JCPDS
00-038-1240). (b) The FT-IR spectra of the synthesized products. (c)-(e)
From left to right: the TEM images of MSN, bare CZGO, and CZGO@MSN.
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tuned by the amount of metal ion precursor used and it was
demonstrated to synthesize nanoparticles of 8 nm. Addition-
ally, from our BET results, the pore size of the CZGO@MSN
nanocomposite was averaged to be 3.2 nm. This is significantly
smaller than bare CZGO, effectively demonstrating the role of
MSN as a size regulator in the system. It is also noted that the
overall particle size of CZGO@MSN decreased compared to the
MSN alone. The particle size of MSN and CZGO@MSN is 70 nm
and 47.5 nm, respectively.

The elemental compositions of the synthesized samples
were examined by EDS. The Ga/Zn ratios were determined by
dividing the atomic weight percentage of the two elements. The
detailed parameters can be found in Table 1. Interestingly,
although the same amount of Zn and Ga precursors were used
during the synthesis, the samples do not exhibit the same
stoichiometric ratios. The Ga/Zn ratio of CZGO was 1.9, which
is close to the ideal stoichiometry of ZnGa,0,. However, the
Ga:Zn ratio of CZGO@MSN was 1.3, indicating an excess of Zn
in the nanocomposite. We will get back to this point later.

To confirm the successful integration of CZGO in MSN, the
pore size of the MSN before and after adding CZGO were
investigated using the BET isotherm and the results were
summarized in Table 2. A decrease in pore volume and surface
area was observed as the nanocomposite was formed, which
verified the formation of particles in the mesopores. But, as
CZGO was formed, the pore size increased. Similar observa-
tions were reported by Li, where the pore size increased from
2.450 nm to 2.912 nm. The authors explained this phenomenon
by CZGO forming in the nanopores of the mesopores as tiny,
isolated particles.*” The N, adsorption desorption isotherms
were also shown as Fig. 2. Overall, the isotherm curve of
the MSN was highly comparable to previously published lite-
rature.*' The isotherm curve has the shape of a typical Type IV
isotherm and verified the mesoporous nature of our synthe-
sized MSN. We then turned our attention to the isotherm of
CZGO®@MSN, where a two-step N, desorption was recognized.
The presence of this feature implied that the MSN was partially
plugged by the CZGO.*

The luminescence property of CZGO and CZGO@MSN were
then examined. Fig. 3a show both samples emitted red lumi-
nescence under 254 nm UV excitation. While the red lumines-
cence emission of CZGO@MSN is stronger. It is clearer to see
from the PL spectrum (Fig. 3b). To ensure the PL results were
comparable, 0.0300 g of sample was used for the PL measure-
ment. The distance between the fibre optics light probe and the
sample were kept constant during the data acquisition.
Although both samples exhibited similar PL profile that are

Table 1 The elemental compositions of Zn, Ga, and Si in the synthesized
samples obtained using EDS

Atomic weight %

Sample Zn Ga Si Ga/Zn
CZGO 340 £ 4.2 64.4 £ 4.2 — 1.9
CZGO@MSN 17.7 £ 2.1 23.7 £2.4 58.2 + 2.4 1.3
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Table 2 Summary of numerical values obtained from the N, adsorption
desorption BET isotherm

Pore volume Surface area

Pore size (nm) (em® g™ (m*g™
MSN 2.7 0.67 992.3
CZGO@MSN 3.2 0.12 147.9
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Fig. 2 The N, adsorption desorption plot of (a) MSN and (b) CZGO@MSN.
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Fig. 3 (a) The optical photograph of CZGO and CZGO@MSN acquired by
a cell phone camera (iPhone 13 Pro) under 254 nm excitation. (b) The PL
spectra of CZGO and CZGO@MSN at the NIR region (254 nm excitation).
(c) The PL spectra in (b) normalized to the intensity maximum. (d) The PLE
spectra of CZGO and CZGO@MSN by monitoring the emission peak at
697 nm. (e) The PL spectra of CZGO@MSN with references within the
visible region (254 nm excitation). (f) The PL spectra of CZGO and
CZGO@MSN under 395 nm excitation.

Wavelength (nm)

characteristic of Cr’* emission in CZGO, the intensity of
CZGO@MSN was almost 2.5 times higher than the one of bare
CZGO. The strong peak at 697 nm was attributed to the
characteristic red luminescence from the Cr’** d-d forbidden
transition. This peak, also referred to as the N2 line, is
originated from Cr** adjacent to an antisite defect within the
host lattice (e.g. Zn** replacing Ga®*, and vice versa). The
shoulder at ~688 nm is commonly known as the R line and
is related to Cr’" ions in an unperturbed octahedral site. The
remaining features are phonon side bands.'®** Recall the TEM
images presented in Fig. 1, the particle size of the CZGO in
CZGO@MSN is much smaller than the bare CZGO. Our obser-
vation here suggested the PL intensity is not always propor-
tional to the particle size, and there are additional factors
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affecting the luminescence. It was previously reported that the
luminescence intensity of CZGO is related to the presence of
oxygen vacancies in the zinc gallate lattice, and the increased
amount of oxygen vacancy would result in an intensity drop in
the N2 line feature along with a stronger R line.** A change in
the R/N2 intensity also implies a modified crystal field strength
of Cr’", which can be achieved by adjusting precursor concen-
tration or introducing co-dopants.**>*® In our case, the calcu-
lated intensity ratio of the R/N2 is very similar between the
CZGO@MSN composite (0.76) and free-standing CZGO (0.72).
A comparison can also be seen from the normalized PL spectra
(Fig. 3c). Therefore the formation of CZGO@MSN doesn’t alter
the structure surrounding the Cr** color center. On the other
hand, it was reported that luminescence enhancement of CZGO
can be achieved through post annealing,® demonstrated by an
overall increase of PL profile without change in the R/N2
intensity ratio. It was attributed to the improved crystallinity
through heat treatment, which is different from our case.
Therefore, the luminescence enhancement is unlikely related
to oxygen vacancies present in CZGO or the change in the Cr**
crystal field, and there were external factors affecting the
luminescence intensity, which will be discussed below.

The PL excitation (PLE) spectra of CZGO and CZGO@MSN
were obtained by monitoring the emission peak at 697 nm
(Fig. 3d). The technique was used to understand the light
absorbing property of the nanocomposite. The PL spectrum
exhibited three peaks located at ~270 nm, ~420 nm, and
~570 nm. The band below 300 nm is related to the band gap
absorption of the ZnGa,0O, host lattice. The remaining features
are associated with Cr’* in an octahedral field (*A, — *Ty, and
Ay > 'T,y).">*” Compared to bare CZGO, the peak position of
CZGO®@MSN shifted to a higher wavelength for the peak
located ~270 nm, which suggests the ZnGa,0, host lattice
exhibited a narrower band gap, compared to bare CZGO.
Additionally, a 10 nm blueshift is present for the CZGO@MSN
nanocomposite in the ~420 nm peak, which is attributed to an
increased local crystal field strength around the Cr** dopant as
the MSN template was applied.

Previously, various reports have reported the formation of
Zn-doped MSN using the sol-gel approach.*®*° In our case, we
hypothesize that during the synthesis of CZGO@MSN, pure
MSN was exposed to Zn** ions, and could form Zn-doped MSN
as the nanocomposite was synthesized. Vacancies are often
observed when a dopant is introduced to a system. When Zn**
is doped into MSN, it could act as a trap center for nearby
oxygen vacancies. This process will create defects on the surface
and interface of the MSN, resulting to luminescence emission
in the visible range.>® Fig. 3e displays the PL emission spectrum
of MSN, Zn-doped MSN, and CZGO@MSN, excited using a
254 nm UV light. Two peaks were located at ~332 nm and
~384 nm. The shorter wavelength (higher energy) peak has
been observed in porous and mesoporous silica, and have been
attributed to a silanol species (Si-OH) on the silica surface.>">>
The peak at longer wavelength (lower energy) is associated with
oxygen vacancies in the silica network.”® In a recent study by
Huang et al., the authors observed an enhancement of the
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376 nm PL emission in amorphous silica nanoparticles and
attributed to the modulation of surface groups (i.e. dihydrox-
ylation of Si-OH groups to Si-O-Si groups).”* In our case, the
Zn doping and the formation of CZGO@MSN has similar
influence on the PL of MSN by enhancing both the 332 nm
and the 384 nm emission intensity, which supported our
hypothesis of forming Zn-doped MSN during the synthesis
procedure. MSN in CZGO@MSN composite has more Si-OH
and oxygen vancies due to Zn doping. To investigate the role of
Zn-doped MSN in the nanocomposite, a PL spectrum was taken
under the excitation of a 395 nm UV light, which is shown in
Fig. 3f. The luminescence of CZGO@MSN was significantly
higher, which confirms the presence of efficient energy transfer
from the MSN to CZGO.

The PersL properties of CZGO and CZGO@MSN were exam-
ined using an in vivo imaging system. The samples were first
excited using a 254 nm UV light for 5 minutes. The excitation
source was then removed, and the luminescence images were
captured using a charge-coupled device camera. Fig. 4a showed
the images taken at selected time frames. The luminescence
lifetime of both samples lasted for at least 180 minutes. The
luminescence decay was also much slower when the CZGO
particles were synthesized under the MSN template. A PersL
decay curve was obtained by measuring the luminescence
counts during the data acquisition period and is presented as
Fig. 4b. The luminescence counts were significantly higher for
the CZGO@MSN nanocomposite at 6 minutes, which is con-
sistent with our PL data. Similar to other PersL phosphor
materials, the luminescence started with a quick drop in
intensity, followed by a slower decay, suggesting there are two
components contributing to the afterglow.>® % A bi-exponential
fitting was also conducted on the PersL decay curve following
the equation,

t t
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Fig. 4 (a) The PersL images of CZGO and CZGO@MSN, (b) PersL decay
curve.
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where (t) is the luminescence intensity at time ¢, 7, and 7, are
the fast and slow decay component of the PersL decay curve, 4,
and A, are the corresponding amplitudes of the decay. The
fitting results are summarized in the inset of Fig. 4(b). The
overall PersL lifetime is highly dependent on the slow decay.
Nonetheless, our fitting has quantitatively demonstrated that
the CZGO@MSN nanocomposite exhibited longer half-lives for
both types of decays. To further address this observation, the
electronic structure of the samples was investigated using XANES.

XANES is an element-specific technique that is capable of
probing the local environment of an element of interest in a
compound. By scanning the X-ray energy across an absorption
threshold of an element, a drastic increase in the absorption
coefficient marks the energy required to promote the core
electron transition to the previously unoccupied electronic state
following the dipole transition rule. The spectral onset marks
the transition energy, which is related to the oxidation state of
the element. Fig. 5a displays the Zn K-edge XANES of CZGO and
CZGO®@MSN compared to Zn-doped MSN. The main resonance
corresponds to the Zn 1s — 4p transition. Oscillations that
immediately follow the main resonance is caused by the multi-
ple scattering of the electrons, so the local geometry surround-
ing the target element can modulate these oscillations. In the
case of Zn, the number of O that bond to the Zn, and Zn-O
distance determines the shape of the XANES profile.>® Overall,
the spectral features of CZGO and CZGO@MSN were highly
similar, suggesting the local structure of Zn in CZGO and
CZGO®@MSN were nearly identical. A small shift in the main
resonance could be observed and this was more apparent when
the first derivative was applied (Fig. 5b). The peak maximum of
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Fig. 5 The XANES spectra of the synthesized samples. (a) The Zn K-edge
XANES. The inset shows the first derivative of Zn K-edge XANES at the main
resonance region. (b) The Si K-edge XANES.
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Zn-doped MSN is located at the highest photon energy, this is
followed by the CZGO@MSN nanocomposite, then CZGO. This
confirms our hypothesis that Zn in CZGO@MSN contains two
chemical environments, CZGO and Zn-doped MSN, respec-
tively. This further supported by the Si K-edge XANES in
Fig. 5c. The absorption peak of the Si K-edge probes the
Si 1s — 3p transition, and the position is highly dependent
on the oxidation states of the Si atom. The peak maxima of the
synthesized was located at ~1848.5 eV in our obtained data,
suggesting is the characteristic feature of $i0,.°° A difference in
the absorption peak intensity was also observed among these
samples. The formation of oxygen vacancies will increase the Si
3p orbital occupancy, resulting in a lower peak intensity.
Similar to our observation at the Zn K-edge XANES, the peak
intensity of the CZGO@MSN nanocomposite in situated
between Zn-doped MSN and pure MSN, which is further con-
firms the formation of Zn-doped MSN in the nanocomposite.

With the formation of Zn-doped MSN using various techni-
ques, we propose an interaction between the synthesized
nanocomposite and the Zn-doped MSNs. The luminescence
mechanism is illustrated in Fig. 6. The process begins with
valance band electrons in Zn-doped MSN being promoted to an
excited state with the simulation of UV light. These electrons
will then migrate to the oxygen related defects in the MSN
system. The oxygen defects in the system are capable of
stabilizing the triplet state excitons and result in blue lumines-
cence emission. Then, the light emitted by the Zn-doped MSN
is re-absorbed by the Cr*" dopant in CZGO to facilitate the d-d
transition. The electrons are then shifted to the trapped states
within the ZnGa,0,. Finally, the electrons tunnel back to the
excited state of Cr** and relax back to the ground state,
producing the red luminescence.

Conclusions

In summary, the optical properties of a CZGO@MSN nanocom-
posite were compared to bare CZGO synthesized under the
same conditions. In contrast to the common conception that
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better luminescence properties are often associated with large
crystals, we found brighter and stronger luminescence was
observed for the CZGO@MSN nanocomposite in which CZGO
is only ~5 nm on average. XAFS analysis was conducted to
study the environments of different ions. We discovered during
the incorporation of CZGO in MSN through ion impingement,
Zn”" enters the MSN lattice, forming Zn-doped MSN. Compared
to pristine non-luminescent MSN, Zn-doped MSN emits lumi-
nescence in the visible range, which falls within the light
absorption window of CZGO. Upon excitation, Zn-doped MSN
enables additional energy transfers to the CZGO emission
channel, and it also acts as an additional trap site to extend
the PersL lifetime of CZGO.
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