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Abstract:

Persistent luminescent nanocrystals (PLNCs) in sub-10 nm domain are considered most
fascinating inventions in lighting technology owing to their excellent performance in anti-
counterfeiting, luminous paints, bioimaging, security applications, etc. Further improvement of
persistent luminescence (PersL) intensity and lifetime is needed to achieve the desired success
while keeping uniform sub-10 nm size of PLNCs. In this work, we have introduced the concept of
molten salt confinement to thermally anneal as-synthesized ZnGa;04:Cr3* (ZGOC) colloidal NCs
(CNCs) in a molten salt media at 650°C for the first time. This method led to significantly
monodispersed and few agglomerated NCs with much improved photoluminescence (PL) and
PersL intensity without much size growth of the pristine CNCs. Other strategies, such as: (i)
thermal annealing, (ii) overcoating, and (iii) core-shell strategy, have also been tried to improve
PL and PersL but we could not achieve improvement in their PL and PersL simultaneously.
Moreover, directly annealing of the CNCs in air without the molten salt assistance could
significantly improve both PL and PersL but lead to particle heterogeneity and aggregation, which
are highly unsuitable for in vivo imaging. We believe this work provides a novel strategy to design
PLNCs with high PL intensity and long PersL duration without losing their nanostructural

characteristics, water dispersibility and biocompatibility.

Keywords: Molten Salt; Persistent Luminescence; ZnGa,04:Cr*; Nanocrystals
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Introduction

ZnGa204:Cr¥* (ZGOC) has been studied in the realm of scientific research because its
extraordinary persistence luminescence property in near-infrared (NIR) region has rendered
various applications which touches day to day human life.[*234586781 Some of the most rewarding
applications include optical imaging of tumors and grafted cells,[®1%! security and emergency
signages,*? gene silencing in cancer cells and cancer therapy,***4 information storage,** etc.
With no doubt, ZGOC is one of the best performing and rechargeable NIR PersL phosphors
reported so far.*8] However for many of its applications to be realized at commercial stage, high
photoluminescence (PL) emission output and long persistent luminescence (PersL) duration is
utmost required.t367]

In general, to improve the efficacy of ZGOC as a NIR PersL phosphor, thermal treatment at
~750°C, grinding/laser ablation, or other tedious treatments are needed for pre-formed ZGOC
nanocrystals (NCs) while these processes mostly result in particle growth and high level of
agglomeration.[*6181%201 Drjven by the same motivation, co-doping strategy has also been explored
which has shown improved PL and PersL of ZGOC co-doped with W®*, Ge*/Sn**, Bi**, boron,
Si** ions, etc.[1214212223241 EDTA etching has also seemed to enhance the PersL longevity of
ZGOC.[*®] However, in the aforementioned literature articles, ZGOC was either in bulk form or if
nanoparticles were used then they were either partially agglomerated or had polydispersity in size.
Similarly, Hussen et al. enhanced PL intensity of ZGOC by annealing them at 1000°C but
increased its particle size from 12 to 31 nm which is highly undesirable.?®! On the similar ground,
annealing ZGOC phosphor at 800°C enhanced its PL intensity by an order of six but there was a
large growth of particle size along with particle aggregation.[?°]

Here we want to mention that maintaining the size and shape of ZGOC nanoparticles is utmost
important as:(i) When ZGOC is synthesized in nanodomain, higher PL intensity is shown
compared to its agglomerated form (agglomerated NCs/microcrystals).[?%] (ii) For optical imaging
and information applications, sub-10 nm particles are ideal as they can easily percolate through
cells for bioimaging while exhibiting good dispersity in biological media and displaying negligible
photobleaching.[?’l There have been a few reports wherein researchers have used synthetic
modifications to get rid of high agglomeration and heterogeneity of ZGOC NCs. Han and his group
synthesized ZGOC NCs in the pores of mesoporous SiO2 nanoparticles at temperature less than

600°C, which displayed excellent PersL performance.[*! Jiang et al. improved blood compatibility
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by avoiding agglomeration of ZGOC NCs upon surface functionalization with hydrophilic
polyethylene glycol (PEG) polymers for optical imaging applications.[*! Similarly silica coating
on Sn co-doped ZnGa,04:Cr®* were performed on 15 nm NCs which showed improved PersL by
a factor of 13.5.12%] There have been reports on controlling the size of ZGOC NCs by using ethylene
diamine as reactant and surfactant ligand.[?’! Moreover, to achieve high PL output and long PersL
duration from ZGOC NCs, our group has successfully developed a bi-phasic route for the first
time to synthesize sub-10 nm ZGOC NCs.E®l More recently, to improve both PL intensity and
PersL duration of ZGOC NCs, we have also developed a different synthetic approach by altering
several synthetic parameters such as (i) controlled urea precipitation, (ii) adjusting the Zn/Ga
precursor ratio, and (iii) the addition of ammonium nitrate.[®! Similarly, Teston et al. synthesized
ZGOC NCs as small as 6 nm using a microwave irradiation aided non-aqueous sol-gel process.[*"!
There is another report of sub-10 nm ZGOC NCs by aqueous phase synthesis, where the authors
used a hydrothermal method with NH4sOH(aq) to synthesizing ZGOC and tuned the size of the
NCs by modulating the precursor composition.

However, in all these reports, monodisperse (similar size and shape), non-agglomerated and
nanosized ZGOC with high PL output and long PersL still have not been fully achieved yet. It is
believed that homogenous and monodispersed PLNCs have less scattering of excited and emitted
photon, which could endow higher PL and PersL output by d-d transitions of Cr®* ion from ZGOC
NCs. At the same time, the extent of electron hole overlapping integral would be higher for sub-
10 nm ZGOC NCs coupled with monodispersity and homogeneity, and hence higher luminescence
intensity can be harnessed. In our understanding, the main issue for the synthesized ZGOC NCs is
that the synthesis techniques, i.e. hydrothermal, biphasic hydrothermal, and sol-gel methods,
actually give less control on particle size and shape compared to the popular colloidal technique
for NCs.B1323334 |n this context, zinc gallate (ZGO) colloidal NCs (CNCs) synthesized by
controlled growth have added advantages of well-defined size, shape and monodispersity which
are highly essential for device fabrications, information storage, and biomedical applications with
favorable PL and PersL features.[3:36.37.38]

As far as ZGOCNCs are concerned, a few studies have reported on undoped and Eu®*/Tb** doped
ZGO CNCs pertaining to light emitting phosphors but there is no report on ZGOC CNCs.[*4
Generally speaking, to get desirable PersL properties from ZGOC NCs, one need to anneal them

at a high temperature range of 650-750°C which leads to particle agglomeration and size non-
3

This article is protected by copyright. All rights reserved

Author Manuscript

85U8017 SUOWILLIOD BA1Te81D) 3|edl|dde aup Aq peuenob ae SaIe VO ‘85N J0 Sa|nJ 10} Aleiq1T8UIIUO 8|1 UO (SUORIPUOO-pUR-SWISI ALY A8 I AReIq 1 [Bul [UO//SAY) SUORIPUOD Pue Swie | 8188 *[£202/60/02] Uo Ariqiauljuo A8|iIm ‘A8lIle A 8pUeID o1y Sexe 1 JO A1sieAIuN 8y L Aq #EZT0TZ0Z WeYd/z00T 0T/I0p/wod" A3 |im Akeiqpuljuoadone-Als ieyo//sdny Wwolj pepeojumod ‘v ‘TZ02 ‘G9/ETZST



uniformity as reported by several research groups earlier.[*6:192025261 Tg gyercome this obstacle,
in the current study, we have introduced a new approach with a molten salt confinement concept
to thermally anneal as-synthesized ZGOC CNCs in a molten salt media of NaNOs + KNO3z at
650°C for the first time. In one of our previous work, we annealed pyrochlore nanoparticle
annealing in a molten salt which led to enhanced emission intensity and excited state lifetime.[*!]
The molten salt assisted process provides added advantages by offering not only a high
temperature environment needed for annealing but also a unique reaction medium with high ionic
strength.*2l The molten salt as a medium provides enhanced contacts for reactant and allows
controlled particle growth.**# Lj et al. used heat treatment assisted molten salt strategy to
improve the electrochemical performance of Li-rich Mn-based layered oxide (LMRO) assembled
microspheres.[*®! Previous results have shown that molten salt synthesis of spinel leads to
controlled growth in size and shape of nano materials.[“! To make ZGOC CNCs much more
commercially viable in the area of information storage and bioimaging, this work facilitates the
need to improve the deep red PersL intensity and duration of ZGOC CNCs without losing their
advantages of nanometer size, biocompatibility and monodispersity by annealing them in a molten
salt. Our study demonstrated that the molten salt assisted annealing of pre-formed ZGOC CNCs
at 650°C led to monodisperse and non-agglomerated NCs without much particle size change while,
equally important, endowed improved PL and PersL intensity. For readers to have convenient
comparison of advantages of these methods, we have compiled PersL performance of different
sub-10 nm ZGOC NCs along with their synthesis protocols in Table S1.

Experimental

Materials: Zinc acetylacetonate hydrate (Zn(acac)z-xH20, 99.995%), gallium acetylacetonate
(Ga(acac)s, 99.99%), chromium (I11) acetylacetonate (Cr(acac)s, 99.99%), oleic acid (technical
grade, 90%), octadecene-1 (ODE, technical grade, 90%), oleylamine (technical grade, 70%),
NaNOs (>99.0%), KNO3z (> 99.0%), sodium trifluroacetate (98%), yttrium trifluoroacetate (99%),
and chloroform (anhydrous, > 99%) were purchased from Sigma Aldrich. Acetone (> 99.5%) was
purchased from Fisher Scientific. All chemicals were of analytical grade reagents and used directly
without further purification in this work.

Colloidal Synthesis of ZGOC CNCs
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In a typical one-pot colloidal synthesis process of the ZGOC CNCs, firstly 0.5 mmol of
Zn(acac)2-xH20, 1.0 mmol of Ga(acac)s, 0.01 mmol of Cr(acac)s, 1 mL of oleic acid and 6 grams
of ODE were taken into a 50 mL three-necked flask and heated at 120°C for 1 hour under vacuum.
After this step, the vacuum was released, and the reaction mixture was further heated to 300°C
under an argon atmosphere for 30 minutes to further grow the ZGOC CNCs. Aliquots were taken
at different time intervals for PL and TEM characterization. After 30 minutes, the system was
cooled to room temperature after removing heating. The cooled reaction mixture was further
purified with chloroform/acetone as the solvent/antisolvent mixture, which resulted in an as-
purified mixture with gluey white color texture. We stored this mixture for further post-synthesis
processes as described below. The experimental setup for the colloidal synthesis of the ZGOC
CNCs is shown in Figure S1.

Over-Coating of ZGOC CNCs with ZGO

As-purified ZGOC CNCs (approx. 500 mg) were transferred into a 50 mL three-necked flask and
dispersed in 5mL ODE and was heated to 120°C for 1 hour under vacuum. After this step, the
vacuum was released, and the reaction mixture was further heated to 250°C under an argon
atmosphere. At this temperature 0.5 mmol of Zn(acac).-xH20, 1.0 mmol of Ga(acac)s, stock in 5
mL ODE was degassed and injected. Upon injection temperature got reduced to 220°C and it
further annealed at this temperature for 30 more minutes. After that the system was cooled to room
temperature by removing the heating.

Coating ZGOC CNCs with a NaYF4 Shell

As-purified ZGOC CNCs (approx. 500 mg) were transferred into a 50 mL three-necked flask and
dispersed in 5 mL ODE, and then 1 mmol of sodium trifluoroacetate, 1 mmol of yttrium
trifluoroacetate and 2 mL oleylamine were added. The obtained mixture in the three-necked flask
was heated to 120°C for 1 hour under vacuum. After this step, the vacuum was released, and the
reaction mixture was further heated to 300°C under an argon atmosphere and kept for 30 minutes
at this temperature. After that the system was cooled to room temperature by removing the heating.
The cooled reaction mixture was further purified with a chloroform/acetone mixture as the
solvent/antisolvent. The product was denoted as ZGOC:NaYF4 core-shell NPs.

Molten Salt Assisted Annealing of ZGOC CNCs

As-purified ZGOC CNCs (approx. 500 mg) was also directly annealed at 650°C for 6 h with a

ramp-up rate of 15°C min~* and cooling-down rate of 10°C min~* with the addition of 60 mmol of
5
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NaNOz and 60 mmol of KNOs as the molten salt. The annealed product was then also washed
several times with deionized water and dried in an oven at 60°C overnight. The sample was denoted
as ZGOC MSS-650.Choice of annealing time and temperature was dictated by the optimum
condition which can yield NCs with optimum size, low or no aggregation, low surface defects and
ideal crystallinity.[*¥] The MSS synthesis temperature (650°C) was above the eutectic temperature
(230-320°C) of the added NaNOs-KNOgz salts and below their decomposition temperatures
(~700°C) to serve as the molten media.l*"]

Direct Thermal Annealing of ZGOC CNCs at 650°C

As-purified ZGOCCNCs (approx. 500 mg) was also directly annealed at 650°C for 6 h with a
ramp-up rate of 15°C min~* and cooling-down rate of 10°C min~* without the addition of NaNOs
and KNOs as the molten salt. The annealed product was then also washed several times with
deionized water and dried in an oven at 60°C overnight. The sample was denoted as ZGOC HT-
650.

Instrumentation

Powder X-ray diffraction (XRD) patterns of the four products described above were taken with a
Bruker D8 ADVANCE X-ray diffractometer with Cu Kg; radiation (A = 0.15406 nm). XRD data
were collected by utilizing a scanning mode of 26 ranging from 25° to 70° with a scanning step
size of 0.04° and a scanning rate of 2.0° min™t. Transmission electron microscopic (TEM) and
high-resolution TEM (HRTEM) images were recorded using a Hitachi HF 3300 TEM/STEM
system. PL emission and excitation spectra were recorded using an Edinburgh Instrument FLS 980
fluorimeter system with a steady state xenon lamp source. PersL data were also recorded on the
Edinburgh Instrument FLS 980 fluorometer system on a kinetic scan mode by exciting the samples

for 5 minutes at 256 nm and then measuring the decay of 696 nm emission.

Result and discussion

XRD

XRD patterns of the ZGOC CNCs, HT-650, and MSS-650 samples (Figure 1) displayed the peaks
corresponding to (hkl) planes of (311), (440), (511), (422), (400), and (220), which completely
match with the ZnGa»O4 crystallographic phase having standard ICDD file of #86-0415 (space
group: Fd-3m). It confirmed the formation of phase pure spinel cubic crystalline structure of

ZGOC as Zn?* and Ga®* stabilize in ZnO, tetrahedra and GaOg octahedral, respectively, and Cr*
6
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doping ions (ionic radius with coordination number (CN) of 6 = 0.63 A) can easily substitute Ga3*
ions (ionic radius with CN of 6 = 0.62 A). Based on the Debye Scherer equation, the calculated
crystallite size of the ZGOC CNCs was ~5.5 nm. Compared with the XRD pattern of the ZGOC
CNCs, that of the ZGOC HT-650 sample did not change much in terms of peak profile but there
was alteration in full width half maxima (FWHM) of XRD peaks. Specifically, the FWHM of the
XRD peaks became smaller significantly, which suggested the increase of the particle size to 21.5
nm as confirmed by the calculation using the Debye Scherer equation. The same observation was
ascribed to crystal growth of ZGOC NCs after annealed at 750°C through Ostwald ripening
wherein larger particles are more energetically favorable compared to smaller ones.[48] On the
other hand, there was not much change in the FWHM of the ZGOC MSS-650 NCs suggesting that
the ZGOC CNCs did not grow or were etched significantly. The calculated nanocrystallite size of
the ZGOC MSS-650 NCs was ~6.2 nm, which was close to that of the pristine ZGOC CNCs.

CNCs

MSS-650

HT-650
Reference (ICDD: 86-0415)

Intensity (a.u.)

I 8 | y I 8 | y
30 40 50 60 70
20/ deg

Figure 1. XRD patterns of the ZGOC CNCs, MSS-650 and HT-650 along with the standrard
JCPDS paterern of ZGO (#86-0415).

TEM
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TEM images under different magnifications of the ZGOC CNCs, MSS-650 and HT-650 NCs were
shown in Figures 2a, 2b and 2c, respectively. Specifically, TEM images of the ZGOC CNCs
(Figure 2a) clearly showed the formation of ultra-small and highly monodispersed ZGOC NCs in
the range of 4-5 nm without any aggregation or agglomerations. The relevant HRTEM image
displayed the appearance of well-defined lattice fringes of ZGOC CNCs suggesting not coalesced
particles.[*"]

Not much variation in the particle size was observed upon thermal treatment of the ZGOC CNCs
in the NaNO3-KNO3z molten salt (Figure 2b). Even after the annealing in the molten salt, the
ZGOCMSS-650 NCs only had slight aggregation when dispersed in water due to the absence of
any surface functionalization ligand (Figure 2b, left panel). The ZGOC MSS-650 NCs allowed
better dispersion in water after 5 minutes sonication owing to their small size and non-
agglomeration. Large aggregates of the ZGOC CNCs formed after direct thermal treatment of them
in the absence of molten salt assistance (Figure 2c). The direct thermal annealing raised the particle
size of the ZGOC CNCs from ~5 nm to ~21.5 nm for the ZGOC HT-650 NCs with large degree
of aggregation. Even after 10 min sonication, the ZGOC HT-650 NCs were not dispersed in water.
Their particles were clustered together when added in water. We also treated the ZGOC HT-650
NCs with oleic acid along with further sonication for better dispersion. Unlike the ZGOC MSS-
650 NCs, these ZGOC HT-650 NCs were still unable to be dispersed and showed aggregation due
to their large particle size ascribed above to crystal growth assisted by Ostwald ripening. When no
molten salt was added, the high temperature annealing for the ZGOC HT-650 NCs proceeded
similar to solid state reaction wherein the rate determining step was particle diffusion and it
happened at the interface of two solid particles at the solid-solid interface.

Moreover, the ZGOC CNCs and MSS-650 NCs had different dispersion nature in different
solvents. Our experiments showed that the ZGOC CNCs were highly dispersible in organic
solvents such as hexane, toluene, and chloroform. On the other hand, the ZGOC MSS-650 NCs
were dispersible in water after 10 min sonication and in organic solvents including chloroform,
toluene, and hexane after further oleic acid treatment.

Unique role of molten salt in generating size-controlled aggregate-free NCs

The added molten salts efficiently covered the surface of the as-formed ZGOC CNCs during the
post-synthesis annealing treatment, which inhibited any kind of neck formation between the ZGOC

CNC particles leading to extremely low or no agglomeration.[“3l This surface protection also led
8
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to the formation of highly homogenous and well-defined NCs with uniform particle size
distribution. It is commonly believed that extended heating of nanomaterials assisted with or
without salt fluxes would lead to crystal growth via Ostwald ripening. Our interesting observation
of the stabilization of the as-synthesized ZGOC CNCs in the NaNO3-KNOs molten salt without
much particle growth nor any coalescence or aggregation is difficult to be explained by
conventional electrostatic and steric mechanism. Stabilization of aggregation-free CNCs in any
solvent requires that the Columbic repulsion among NCs could overcome the van der Waals
force.[*®] On the other hand, for high dielectric solvent such as water, the general theory of
electrostatic interactions work relatively well in stabilizing CNCs without any aggregations. 554
The refractive index of the ZGOC NCs is higher than the NaNOsz-KNOz molten salt, therefore,
refractive index matching cannot be the sole criteria to overpower van der Waals attraction. Here
the role of the high charge density of molten salts comes to play a big role. It leads to strong
electrostatic screening producing short-ranged Coulomb repulsion and causes weakening of van
der Waals attraction.®?l As predicted by theoretical modeling, the formation of long range charge
density oscillation in molten salts provided by the surface bound layer prevents any kind of
coalescence or aggregation around reactant species, i.e. the ZGOC CNCs by the inorganic KNOs-
NaNOz molten salt solvent in this work.[38] Moreover, the low NC to molten salt ratio gave large
separation between the ZGOC NCs to slow down or even prevent their Ostwald ripening for
particle growth. The schematic of molten salt assisted annealing of the ZGOC CNCs without any

substantial crystal growth or aggregation is shown in Figure S2.
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Figure 2. TEM images of the ZGOC samples: (a) The CNCs dispersed in chloroform with the
inset in the rightmost panel showing the HRTEM image of an individual CNC. (b) The MSS-650
NCs dispersed in water (left panel), after 5 minutes sonication in water (middle panel), and the
HRTEM image after dispersion in water. (c) The HT-650 NCs dispersed in water at different

magnifications.

Luminescence spectroscopy

As reported on the literature, annealing ZGOC samples at high temperatures, normally around
700°C, has been widely employed to enhance their PL intensity and PersL intensity and duration.
It is believed that annealing them at high temperatures leads to faster diffusion and more even
distribution of Cr doping ions inside the ZGO host and, at the same time, lowers surface defect

density to eliminate non-radiative pathway sources.

10

This article is protected by copyright. All rights reserved

Author Manuscript

85UB0 I SUOWILLOD SARER1D 3|edtidde aup Aq peuA0b B/ SO 1L YO ‘2SN JO S3IN. 0y ARIGIT BUIUO AB]IM UO (SUORIPUOD-pUE-SLLLRYWIOY" A 1M ARe.q 1 BUIIUO//SU) SUORIPUOD P Sl L 83 385 *[£202/60/02] Uo AriqiTaulluo Ao1im ‘4811 8pueID ory sexe L JO AIsieAlun ay L Aq yEZT0TZ0Z WeUD/Z00T OT/I0p/wiod" A |im Areqjeutjuoedoune-Ans IusLd//Sdiy woiy pepeojumod ‘v ‘T20Z ‘S9LETZST



The PL emission spectra of the 60 mg weighed amount ZGOC CNCs, MSS-650 and HT-650
(Figure 3a) showed an intense NIR emission peak around 695 nm embedded with several fine
features, which can be ascribed to 2E — %A, transition of trivalent Cr** ions in an octahedral
crystalline field.[®® This is consistent with the discussion on the XRD data that Cr®* dopants tend
to occupy Ga®* sites in the ZGO host with distorted octahedral environment owing to their close
ionic size matching.[® The fine structures of the emission peaks are located around 661, 670, 681,
688, 696, 708 and 714 nm. The peak around 688 nm is the R-band ascribed to Cr®* ion in an
unperturbed O field. The one located at 696 nm is the N-band originated from Cr** ion in the
vicinity of zinc vacancy/interstitial pair (Vzi/Zni) or antisite defects Znga’ and Gazn.[>5657]
Among the other five fine peaks embedded in the major NIR peak around 659, 672, 679, 709 and
713 nm, the ones located at longer (709 and 713 nm) and shorter wavelengths (659, 672 and 679
nm) than 695 nm are known as Stoke’s and anti-Stoke’s phonon side bands, respectively.[>]
Moreover, the ZGOC MSS-650 and HT-650 NCs showed similar spectral features but higher
emission intensities than the as-synthesized ZGOC CNCs. Such enhancement of PL emission
output, and ultimately that of PersL intensity and duration, would be endowed by efficient thermal-
driven diffusion and even distribution of dopant ions into the ZGO host lattice and reducing surface
defects as undesirable non-radiative pathways by annealing at high temperature of 650°C.1°¢ The
enhancement is very significant in both of the ZGOC MSS-650 and HT-650 NCs though that of
the latter was slightly higher than that of the former. Inset of Figure 3a shows the digital images
of the ZGOC CNCs, MSS-650 and HT-650 with identical mass under 256 nm irradiation. It can
be clearly inferred from these images that the ZGOC MSS-650 NCs displayed bright red emission
owing to the elimination of defects by thermal treatment and no light scattering due to the
aggregate-free small sized particles.

The PL excitation spectra of the ZGOC CNCs, MSS-650 and HT-650 NCs under Jem = 695 nm
(Figure S3) displayed three major peaks. The broad absorption band in the region of 225 — 325 nm
peaking at 256 nm can be ascribed to the combination of host absorption and 0> — Cr3* charge
transfer.'®5% The other two excitation bands located at 410 and 560 nm would be attributed to *A;
— 4Ty and *Az2 — *T, transitions arising from intra-configurational d-d electronic transitions of

trivalent Cre* ion.
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Figure 3. Optical properties of the ZGOC CNCs, MSS-650, and HT-650 NCs with the same
amount of samples: (a) PL emission spectra with the insets showing their digital images (identical
amount) under 256 nm irradiation. (b) PersL decay curves.

The NIR PersL decay curves of the ZGOC CNCs, MSS-650 and HT-650 NCs (Figure 3b)
demonstrated continuous light emission up to 1 hr upon excitation with UV light at 256 nm for 5
min. Similar to the PL emission trend observed from these three samples (Figure 3a), the PersL
intensity from the thermally treated MSS-650 and HT-650 NCs was much higher than that of the
ZGOC CNCs. The proposed PersL. mechanism of the ZGOC NCs showed in Figure S4 proceeds
through four fundamental steps: (1) Cr3* excitation, (2) charge separation and trapping, (3) thermal
detrapping of electron—hole pairs and capture by Cr*, and (4) Cr®* emission. The mechanism is
similar to what has been discussed previously.[?%51

After the excitation, conduction band electrons get trapped at singly ionized oxygen vacancy V' /
Gay, defect states which act as electron traps and valence band holes get trapped inside antisite
Zng, defect states which act as hole traps (Step 2). Several defects present on the edges and
interfaces of the CNCs also act as trap centers and help in the PersL process of the ZGOC NCs.
The PersL mechanism for these ZGOC NCs involved the detrapping-trapping of electron-hole
pairs positioned in the vicinity of Cr3*doping ions and was triggered by the extent of cationic
disorder in the ZGO host.

Step 3 is very important to understand why the thermal annealing treatment of the ZGOC CNCs
led to enhancement of the PersL intensity of the MSS-650 and HT-650 NCs (Figure 3b). The extent
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of PersL enhancement is the same in both these cases unlike their PL intensity where the HT-650
NCs had a slight edge. Such PersL enhancement can be ascribed to efficient de-trapping of
electron-hole pairs which are captured by Cr®* and finally with high probability of Cr** NIR
emission. It is needed to be understood here that ultimately PersL intensity depends on trap density,
electron capture cross-section of traps, emitting centers, and intensity of excitation light. PersL

intensity actually varies following equation 1 below:[%

__1D
1®) = D) (1)
where y = % and n = 0.5-2, N = concentration of traps, a = probability/sec for a trapped electron
t

to be thermally excited into conduction band and n¢ = number of electrons per unit volume in traps.
In our study here, the thermal annealing led to increase in trap density as well as thereby PersL
improvement as per equation 1 was achieved. It is needed to be emphasized here that with
annealing, crystallinity of the samples also increased and crystalline samples are expected to have
relative less traps. In the literature, there are numerous reports wherein crystalline samples were found to
have ample amount of traps. Dicks et al. did theoretical modeling of charge trapping in crystalline and
amorphous Al,03.1 Schrek et al. recently showed high magnitude of traps to be present in single crystals
as well.2 Actually with increase in thermal annealing of our samples, both trap density and doping
efficiency increased. Efficiency of chromium incorporated inside host lattice of ZGOC NCs would be
meagered compared to the annealed samples as observed in our earlier work.["]

We have also fitted the afterglow decay curves using exponential functions as explained by Tsai
et al.[®® The results for the ZGOC CNCs, HT-650 and MSS-650 NCs are shown in Figures S5a-c
along with the fitting equations and parameters. The decay constants are a means to determine
decay rate of rapid, medium, and slow exponential decay components. The single exponential
equation for the ZGOC CNCs and double exponential equations for the HT-and MSS-650 NCs
that were fitted the experimental decay curves may correspond to one or two trap centers in the
assumed models.

Traditionally the most prevalent way to improve PL intensity in nanophosphors is to coat them
making core-shell nanoparticles with phosphors in the core and/or treating them at high
temperature for a long time. This strategy is expected to increase PL intensity as it can take care
of surface defects which are known as fluorescence quencher by providing non-radiative pathways.

We also have tried several other strategies intended to improve the PL intensity, PersL intensity
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and duration for the ZGOC CNCs. The first one involved thermal annealing and growth of the
ZGOC CNCs at 300°C for long enough time (e.g. 5 minutes vs.30 minutes) during the colloidal
synthesis. However, this strategy was limited to enhance the PL to a reasonable QY of the ZGOC
CNCs but not much improvement in terms of its PersL performance (Figure S6).

The second strategy was by overcoating of the ZGOC CNCs as the core to generate ZGOC@ZGO
core-shell nanoparticles by adding extra Zn and Ga precursors at 250°C to form a ZGO shell over
the core of ZGOC CNCs. However, we observed improved PL emission (Figure S7a) but not
enhanced PersL performance (Figure S7b).

We also heterogeneously overcoated the surface of the ZGOC CNCs by a NaYF4 shell to grow
heterogeneous ZGOC@NaYF4 core-shell nanoparticles (Figure S8a). The TEM image clearly
showed the formation of ZGOC@NaYF4 core-shell nanoparticles. The average diameter of the
core-shell nanoparticle is around 13.5 nm. The formation of these core-shell nanoparticles resulted
in significant improvement of NIR PL emission intensity (Figure S8b). However, it did not
improve the PersL intensity and duration (Figure S8c). In one of our recent work for ZGOC NCs,
we reported that the use of a urea assisted hydrothermal method produced ZGOC NCs which
showed remarkable enhancement in both PL and PersL compared to those NPs precipitated with
ammonia or sodium hydroxide. We also reported that adding ammonium nitrate with urea led to
the formation of ZGOC-ZnO core-shell NPs with further enhanced PL and PersL
performance.[2,20] In all the above-mentioned comparison of PL emission, the spectra were
normalized.

Although the ZGOC HT-650 and MSS-650 NCs showed comparable PL and PersL performance,
the commercial viability for bioimaging and display applications of the former is poorer due to the
aggregation formation of the NCs as seen in the TEM images (Figure 2c). For biomedical
applications, the size of NCs should be as small as possible to enhance their cellular uptake. This
requirement showed the superiority of the molten salt assisted annealing process of the ZGOC
CNCs for not leading to any aggregation formation of the NCs while improving both the PL and
PersL properties substantially. Therefore, we believe the molten salt assisted annealing process
can be a game changer for PersL phosphors, especially their NCs for biomedical applications

relying on intense fluorescence for invitro and in vivo imaging.
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Conclusion

ZGOC CNCs with low PL and PersL intensity limited their scientific investigation and commercial
usage in information storage, display devices and bioimaging. In this study, we thermally annealed
pre-formed ZGOC CNs in a molten salt medium (MSS-650) and observed enhancement in both
PL and PersL (duration and intensity) without losing any advantages of the original CNCs such as
monodispersity, sub-10 nm size and no-agglomeration. Exposing the pre-formed ZGOC CNCs to
high temperature at ~650°C (HT-650) though led improvement in both PL and PersL but caused
the formation of aggregates. We were also successful in improving the PL intensity of ZGOC
CNCs with three different strategies: (i) thermal annealing, (ii) overcoating, and (iii) core-shell
strategy, but we yet achieved improvement in PersL intensity and duration. The work throws
fascinating results wherein NCs were confined using molten salt assisted annealing which led to
quenching of surface defects without the formation of any aggregates. At the same time, sonicating
the ZGOC MSS-650 NCs made them water dispersible which is again an essential component of
bioimaging. We believe the ZGOC NCs assisted with the molten salt confined treatment being
sub-10 nm, biocompatible and aggregate-free and with much improved PL and PersL possess an
extraordinary credential to be used in commercial market for bioimaging. Future works will be

using this material for actual bioimaging experiments.
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New concept on molten salt confinement to thermally anneal as-synthesized sub-10 nm
ZnGa,04:Cr¥" (ZGOC) colloidal nanocrystals in a molten salt media at 650°C for improving their
persistent luminescence (PersL) intensity and lifetime without losing their nanostructural

characteristics, water dispersibility and biocompatibility.
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