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ABSTRACT

SrAl,O4: Eu?*, Dy®* nanoparticles prepared by pulsed laser ablation in liquids (PLAL) could be a green and versatile
technique to obtain inorganic nanoparticles with persistent luminescence and different morphologies and sizes. Laser
ablation technique could deliver large amounts of energy highly concentrated into one point of a material and has been
carried out in vacuum, in air and in liquids. Because of the unique confinement effect from liquid environment, there is
many advantages when the laser ablation occurs in liquid. In this paper, we focus on the control of the size through
proper laser parameters, choice of the reaction solution. Persistent luminescent SrAl,O4: Eu?*, Dy** phosphor was
obtained by laser ablation in liquids.
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1. INTRODUCTION

Pulsed laser ablation in liquids (PLAL) has demonstrated to be an efficient and versatile technique to produce
high-quality nanoparticles of a wide range of materials®. PLAL technique possesses a number of advantages. First, laser
ablation process is considered as green chemistry process. Second, the nanomaterials with size dispersion below 100 nm
can be produced in faster and cleaner ways, even if sometimes the compounds quantity is at a limited value. Third, as
long as there is the related laser equipment, experimental set up is minimal, and chemical precursors are replaced by bulk
materials obtained by solid state reaction, so PLAL could be considered as a low-cost method. Finally, PLAL can be
used to construct some complex structure compounds or modify the surface of nanoparticles, such as, inorganic
nanoparticles coated with organic molecules that can be obtained in one step, in-situ or ex-situ?. Due to such advantages,
the research on nanoparticles elaboration using PLAL has been of great interest during the last ten years. Nanoparticles
obtained by PLAL methods, with size ranged between 5 and 100 nm, have been proposed for biological, optical devices
or for photocatalytic applications. Laser ablation technique could deliver large amounts of energy highly concentrated
into one point of a material, creating a localized plasma. The liquid environment could lower the heat load on the work
piece, confines the vapor and plasma, and increases the shock pressure on the surface®*. At the same time, the main
fractions of the particles obtained by PLAL are often preserved with the same chemical composition as the bulk targets.
This has been demonstrated with alloys®, and various oxides-based compounds®. Therefore, PLAL is generally
considered to combine top-down (micro-sized solid targets) and bottom-up (the formed plasma, atoms and clusters)
methods with major processes controlled by laser plasma and physical cavitation”. However, as other chemical synthesis
processes, several parameters have to be optimized to get the highest possible quality of materials. In case of PLAL
techniques, laser parameters (such as wavelength, pulse duration, laser energy) and the liquid environment (solvent,
temperature, surfactant for instance) are the key points to optimize as reported in Table 1.

Table 1. Main laser parameters for PLAL

Main laser parameters Size Effect in yield and size distribution

Laser fluence High effect  Larger NPs with increase laser fluence®

Pulse duration High effect  Increase of the size distribution with fs and ps lasers®
Repetition rate Small effect  Small increase of the size distribution with rep. rate?

Laser wavelength Effect Higher yield for increase absorption **




With the increasing need of nanoparticles to be used in various applications, more and more researches focus on
rare-earth doped nanoparticles. Rare-earth and transition metal doped nanoparticles present good photostability and wide
possible optical features including the well-known up-conversation, down-conversation and persistent luminescence
processes 2. Some of the researches on the lanthanide and transition metal activated nanoparticles prepared by PLAL
have been summarized in Table 2. When the nanoparticles are prepared in liquid, special solutions or additives could
protect the NPs from defects on the surface, improve the properties of nanoparticles and favor their good dispersion.
Then, surfactant 2 or inorganic additives * are used to improve the crystallinity, morphology and to limit size dispersion.

Table 2. Lanthanide (top) and transition metal (bottom) doped nanoparticles prepared by PLAL technique

Materials Size Solution & surfactant Shape
(nm)
Rare earth doped NPs
Y3Al504,:Ce3* 18 5-25 deionized water Spherical
Y3Als012 (YAG:Ce) 16 9, 100 deionized water String-like
Th3Als04,:Ce3+ Y7 deionized water & lauryl dimethylaminoacetic
acid betain (LDA)
Y3Als012:Ce3* (YAG:Ce) 2-5 deionized water & 2-[2-(2-
Y,03:Eu®*, Gd,03:Eu®* methoxyethoxy)ethoxy]acetic acid (MEEAA) Nanorod
Y203:EU®, Lu,0,S:Eu®, 5-10 deionized water
GsziOsICE3+
Lu3Ta07:Gd3+/Tb3+18
Sr,MgSi,O7: Eu?, Dy** 1 / deionized water + SiO; Elliptical nanorod
Y,0s: Er®, Yh3+ 10 tens, deionized water /
hundred
CazSisNg:Eu?*, Tm3* 20 35 water & NaOH and acetate Web-like
Ca-a-SiAION:Eu?* 2 90-110 deionized water Aggregation
CaMo0O,: Tm3*/Yh® 22 15-30 ethanol Spherical
NaYF4Yb*/Erd 12 10-20;40- deionized water/ 2-[2-(2- Spherical
60 methoxyethoxy)ethoxy]acetic acid (MEEAA)
YVO,Eus 6 1824 30-50 deionized water/sodium dodecyl sulfate Ovoid-like
YOF: Er®*, Yb** % 20-200 deionized water Nanorod
NaGdF,:Nd3* 2 20-30 DMSO Not completely
spherical
Transition metal doped NPs
ZnGa,04:Cr3+# 130-400 water Hexagonal prisms
ZnS:Mn?28 7 water Spherical
ZnS:Cu? 2.1-4 water Quantum dots
[NiixFex(OH)2](NOs3),- 6.5+0.8; water Spherical
(OH),,nH,0% 13+1

For the abundant applications of nanoparticles in various fields, such as, lighting, display, energy and
biomedicine, it is necessary to obtain nanoparticles with high crystal quality, good morphology and uniform sizes. Lots
of lanthanide-activated nanoparticles have been synthesized by PLAL, for instance, lanthanide-based down-conversation
nanoparticles 8 and up-conversation nanoparticles '* 23, Concerning the persistent phosphors, the number of works is
very limited. Recently, with transition metal cations, nano-sized deep red persistent luminescent materials
(ZnGaz04:Cr3*) were successfully prepared by the pulsed laser ablation in liquids without any surfactant 2. The
nanoscale particles present excellent deep red long persistent luminescence that may be use in the future as new probe in
the first biological window. Indeed, in our laboratory in Paris, we have demonstrated the strong interest for this matrix
for bio-imaging applications by a pioneer work published in 20113 followed by important breakthroughs in the field 3244,
Based on the previous works, CazSisNg:Eu?*, Tm®* is one pioneer nice example of the capability of PLAL technique to
obtain RE doped NPs with persistent luminescence, and we further performed the first real-time in vivo imaging with
Ca,SisNg:Eu?*, Tm®* NPs obtained with PLAL method 2°. PLAL elaborated Sr,MgSi>O7: Eu?*, Dy** nano-phosphors can
also present interesting persistent luminescence properties 4. Following these pioneering works, the preparation of rare-
earth doped persistent phosphors such as SrAl.O4: Eu?*, Dy** is encouraged through pulsed laser ablation in liquids.



2. MATERIAL SYNTHESIS AND EXPERIMENTAL PROCEDURES

SrAl,O.: Eu?*, Dy* compound, which is the most developed persistent phosphor due to its outstanding long
afterglow time and intensity, has never been prepared by this technique. The persistent luminescence researches on this
material began more than twenty years ago, with the discovery of SrAl,O, doped with Eu?*, then through co-doping with
trivalent dysprosium, the afterglow was enhanced and reached more than 10 hours “°. Up to now, it is widely used in
various identification and warning signs on buildings or highways. Furthermore, their high brightness and long-lasting
time make this material interesting for further applications in biomedicine, the elaboration of NPs still remains a
challenge ¢, which propels to prepare nano-sized SrAl,O,: Eu?*, Dy®* phosphor.

During the whole laser ablation in liquids, the nanoparticles formation process can be described as follows:
when the pulsed laser irradiates the bulk target in liquids, breakdown process and plasma generation will take place.
Then, because of the liquid environment, there will be a stronger confinement of the plasma and a fast energy transfer
from the plasma to the surrounding liquid. Later, a cavitation bubble, which is a dynamic system with an expansion
phase and a collapse phase, is formed. Finally, the cavitation bubbles will collapse when the bubble reaches its maximum
radius’, and at the same time, NPs will be released in the liquid to form a stable colloidal solution. The following part
describes the different steps.

The preparation of the SrAlLO,4: Eu?*, Dy®* persistent phosphor was realized through pulsed laser ablation in
liquids under the following conditions. The sintered pellets are used as targets for preparation of SrAl,O,: Eu?*, Dy%*
nanophosphor. The experimental process to prepare pellets is introduced in Supporting Information. During the ablation
process, the pellets are immersed in 50 mL of solution with a quartz cell, and irradiated with 1064 nm-ns pulsed
Nd:YAG laser at 10 Hz (see Figure 1).
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Figure 1. Schematic diagram of the PLAL experimental setup for SrAl204: Eu?*, Dy®* synthesis

Different solutions such as water, ethanol, and acetone, different laser wavelengths (355 nm, 1064 nm) and
different laser powers (10 mJ, 400 mJ) were used for the material preparation. First, with the laser ablation in water, it
appears impossible to obtain the SrAlO4: Eu?*, Dy** NPs but mainly SrCOz; was formed 4. This is due to the reaction
between the Sr?* ion and CO, dissolved in water. In order to remove the CO, from the solution, one should keep the
process under Ar gas bubbling all along the synthesis. In ethanol and acetone solutions, as shown in Figure 2 presenting
the XRD patterns, the obtained particles present SrAl,O4 phase. As already reported, SrAl>O,4 has a tridymite structure
constructed by corner sharing AlO, tetrahedra tilted with respect to each other #7. The occupation of AI** cations in the
compound induced a charge deficiency that is compensated by Sr?* cation incorporation in channels created within rings
of corner shared AlO, tetrahedra, in the so-called stuffed tridymite structure 8, There are two possible positions for Sr2*
cations in this matrix.
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Figure 2. (a) XRD spectra of the synthesized particles in different solutions; (b) TEM of the nano-sized particles obtained in ethanol
with 1064 nm

When laser energy value is fixed at 10 mJ, with the near-infrared wavelength (1064 nm), the yield of the
obtained particles appears larger than that with the UV wavelength (355 nm). For the same wavelength (1064 nm), but
with much higher energy (400 mJ), higher yield and larger particles are obtained. This can be explained by the pulsed
laser ablation mechanism in the solution as presented before. During the pulsed laser ablation on the pellet, cavitation
bubbles will be formed on the surface of the pellet continuously, and with laser power increase, the cavitation bubbles
lifetime increases. As a result, this will enhance the quantity of particles formed during the laser pulse. At the same time,
high laser power may cause mechanical stress, as the temperature and pressure inside the plasma plume are increased.
This could further result in a collapse of the cavitation bubbles, which thereby intensify the collision frequency among
particles, leading to coalescence and larger particles formation*®*°, Considering large productivity and good crystalline
phase, SrAl,O4: Eu?*, Dy** NPs were prepared in either ethanol or acetone with laser wavelength at 1064 nm. Size
distribution and optical feature also investigated are presented in the following part.

TEM image presents nanoparticles with sizes around 7.5 nm (see Figure 2.). As reported before, during the laser
ablation process, particle size distributions could be composed of two modes. Small nanoparticles nucleate and grow in
the target-solution mixing region based on thermal vaporization mechanism, while larger particles are formed by the
fragmentation of the superheated molten metal layer attributed to explosive boiling mechanism 52, The size
distributions of the thermal modes for each laser condition are very similar, only second fragmentation mode appears to
vary with laser parameters. The micro size particles are formed like a “top-down” method, while nano size particles are
formed by the thermal nucleation in the cavitation bubbles.

3. OPTICAL CHARACTERIZATION

The photoluminescence spectra of the particles obtained by laser ablation in ethanol and acetone (laser
wavelength 1064 nm) are presented in Figure 3. The typical emission spectra of SrAl,04:Eu?*, Dy3** at 20 K with two
emission bands located at 520 nm and 445 nm 3 are obtained for the laser ablation particles either in ethanol or acetone
as shown in Figure 2. One could clearly observe an intensity variation between the two emission bands according to the
elaboration medium.

The two crystallographically different sites for Sr2* have different coordination numbers, similar average Sr-O
distances (i.e., 2.695 A and 2.667 A respectively), but slightly different individual Sr-O distances. Indeed, the two
environments differ by a slight distortion 3+, Considering the two slightly different Sr?* sites, one can expect Eu?* to
occupy the sites more or less equally due to similar ionic radii. Non-radiative energy transfers between these two sites
are proposed 6. Eu?* cations in Sr 11 sites should present broad emission at higher energy (445 nm) while the Eu?* in the
Sr | sites should be responsible for the lower energy band (520 nm). Notice that there is only slight Sr-O distances
variation between Sr-I and Sr-11.
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Figure 3. PL spectra of the synthesized materials at different temperatures. (a) at 300 K; (b) at 20 K. (Excitation wavelength at 365
nm, 10 Hz). Insert (a) is persistent decay curve of the ablated particles in acetone (1) and in ethanol (2) at 300 K, after being excited at
365 nm for 5 min.

In addition, at relatively high temperature, the energy can be transferred from Eu?* in the Sr I site toward Eu?*
at the Sr | position, thus giving the redistribution of emission intensities from both sites at different temperatures 47 %
This leads to a strong decrease of the 445 nm band in favor to the 520 nm emission, which corresponds to the 4f55d* —
4f" transition of Eu?*ions in Sr | sites %7. The intensity at 445 nm of particles obtained in acetone is higher than that of
pellet and particles obtained in ethanol, keeping the intensity at 520 nm constant, revealing different energy transfer
efficiencies between the two sites according to the synthesis conditions. As Gokce et al. reported, through PLAL process,
larger particles will be formed in ethanol in regard to acetone due to agglomeration happening in less polar solvents 58,
Therefore, one can assume that the smaller particles obtained in acetone present larger energy transfer efficiency
probably due to the variation of crystal field around the Eu?*ion 5°-°,

SrAl,04:Eu?*, Dy** bulk compounds present excellent long persistent luminescence, this phenomenon can be
explained by the following processes. Firstly, under UV light excitation, Dy3* stabilized electrons trapping and enhanced
the persistent luminescence; secondly, the electrons could be slowly released at room temperature and recombined with
the excited state of Eu?*. Finally, when return to Eu®* ground state, there gives rise to persistent luminescence **. Figure
3-insert shows the persistent luminescence decay profiles of the ablated SrAl,O,4: Eu?*, Dy®* NPs in acetone and ethanol.
After excitation at 365 nm for 5 min at room temperature, the particles present persistent luminescence, but much shorter
than that of their bulk counterpart compounds. Indeed, after about 5 min, the luminescence of the SrAl,O4:Eu?*, Dy3*
NPs is too weak to be seen by eyes. The main possible reason is probably related to the ultra-small size of particles and
surface effects that occur in the non-optimized process, but also may be due to a reduction of the effective trap density as
already reported ©*.

4. CONCLUSIONS

There are lots of materials successfully prepared by PLAL. In order to elaborate nanoparticles with limited size,
good morphology and outstanding properties through PLAL technique, various laser parameters, multiple solutions, and
many other factors have been investigated. However, due to the complex mutual-effects between these parameters, it is
difficult to develop a single standard, especially for the bimodal sized nanoparticles’ formation by PLAL, even if some
experimental devices, such as filters, are known to help controlling the particles size. In addition, upscaling of the
quantitative yield of nanoparticles is another issue that still need to be solved.

In the present work, we succeeded to synthesize SrAl,O4:Eu?*, Dy** NPs with PLAL. But at this time, the
control of the uniform nano-size remains difficult while the intensity of the persistent luminescence is far from those
obtained in the micro size compounds. In the following steps, one should further better control the laser parameters and
use various additives in the solution to enhance the optical properties. In case of success, this should open the path to
new applications and new modality as bio-label or in catalysis applications for instance.



Acknowledgments
China Scholarship Council (CSC) Grant and ANR ANR-18-CE08-0012 PERSIST for their support

[1].

[2].
[3].
[4].
[5].

[6].
[7].
[8].

[9].

[10].

[11].

[12].
[13].
[14].

[15].

[16].

[17].

[18].

[19].

[20].

REFERENCES

Parak, W. J.; Osinski, M.; Liang, X.-J.; Gemini, L.; Hernandez, M.-C.; Kling, R., Formation of Upconversion
Nanoparticles of 18%Yb:1%Er:NaYFs by Ultra-Short Pulse Laser Ablation in Water Proceedings Colloidal
Nanoparticles for Biomedical Applications XI; https://doi.org/10.1117/12.2211084, 9722, 972205 (2016).

Lee, J.; Mahendra, S.; Alvarez, P. J., Nanomaterials in the Construction Industry: A Review of Their
Applications and Environmental Health and Safety Considerations. ACS nano, 4, 3580-90 (2010).

Kang, H. W.; Lee, H.; Welch, A. J., Laser Ablation in a Liquid-Confined Environment Using a Nanosecond
Laser Pulse. Journal of Applied Physics, 103, 083101 (2008).

Hwang, D. J.; Choi, T. Y.; Grigoropoulos, C. P., Liquid-Assisted Femtosecond Laser Drilling of Straight and
Three-Dimensional Microchannels in Glass. Applied Physics A, 79, 605-612 (2004).

Niu, K. Y.; Yang, J.; Kulinich, S. A.; Sun, J.; Du, X. W., Hollow Nanoparticles of Metal Oxides and Sulfides:
Fast Preparation Via Laser Ablation in Liquid. Langmuir : the ACS journal of surfaces and colloids, 26, 16652-
7 (2010).

Wang, H.; Odawara, O.; Wada, H., Facile and Chemically Pure Preparation of YVO4:Eu(3+) Colloid with
Novel Nanostructure Via Laser Ablation in Water. Scientific reports, 6, 20507 (2016).

Dell’Aglio, M.; Gaudiuso, R.; De Pascale, O.; De Giacomo, A., Mechanisms and Processes of Pulsed Laser
Ablation in Liquids During Nanoparticle Production. Applied Surface Science, 348, 4-9 (2015).

Ismail, R. A.; Mousa, A. M.; Amin, M. H., Effect of Laser Fluence on the Structural, Morphological and Optical
Properties of 2h-Pbl2 Nanoparticles Prepared by Laser Ablation in Ethanol. Journal of Inorganic and
Organometallic Polymers and Materials, 28, 2365-2374 (2018).

Hamad, A.; Li, L.; Liu, Z., A Comparison of the Characteristics of Nanosecond, Picosecond and Femtosecond
Lasers Generated Ag, TiO2 and Au Nanoparticles in Deionised Water. Applied Physics A, 120, 1247-1260
(2015).

Menéndez-Manjén, A.; Barcikowski, S., Hydrodynamic Size Distribution of Gold Nanoparticles Controlled by
Repetition Rate During Pulsed Laser Ablation in Water. Applied Surface Science, 257, 4285-4290 (2011).
Zhang, K.; lvanov, D. S.; Ganeev, R. A.; Boltaev, G. S.; Krishnendu, P. S.; Singh, S. C.; Garcia, M. E.;
Zavestovskaya, |. N.; Guo, C., Pulse Duration and Wavelength Effects of Laser Ablation on the Oxidation,
Hydrolysis, and Aging of Aluminum Nanoparticles in Water. Nanomaterials, 9 (2019).

Jaque, D.; Richard, C.; Viana, B.; Soga, K.; Liu, X. G.; Sole, J. G., Inorganic Nanoparticles for Optical
Bioimaging. Adv. Opt. Photonics, 8, 1-103 (2016).

Wang, H.; Odawara, O.; Wada, H., One-Step Preparation of YVO4:Eu3+ Nanoparticles by Pulsed Laser
Ablation. Journal of Alloys and Compounds, 683, 1-6 (2016).

Ishizaki, M.; Katagiri, T.; Sasagawa, T.; Kitamoto, Y.; Odawara, O.; Wada, H., Preparation of Sio2-Capped
Sr2MgSi207:Eu,Dy Nanoparticles with Laser Ablation in Liquid. Journal of Nanotechnology, 2012, 1-6 (2012).
Park, G. S.; Kim, K. M.; Mhin, S. W.; Eun, J. W.; Shim, K. B.; Ryu, J. H.; Koshizaki, N., Simple Route for
Y[Sub 3]JAI[Sub 5]O[Sub 12]:Ce[Sup 3+] Colloidal Nanocrystal Via Laser Ablation in Deionized Water and Its
Luminescence. Electrochemical and Solid-State Letters, 11, J23 (2008).

Tsuruoka, N.; Sasagawa, T.; Yodo, T.; Yoshimoto, M.; Odawara, O.; Wada, H., Facile Preparation of YAG:Ce
Nanoparticles by Laser Irradiation in Water and Their Optical Properties. SpringerPlus, 5, 325 (2016).

Mhin, S. W.; Ryu, J. H.; Kim, K. M.; Park, G. S.; Ryu, H. W.; Shim, K. B.; Sasaki, T.; Koshizaki, N., Pulsed-
Laser-Induced Simple Synthetic Route for Th(3)Al(5)0(12):Ce Colloidal Nanocrystals and Their Luminescent
Properties. Nanoscale research letters, 4, 888-895 (2009).

Ledoux, G.; Amans, D.; Dujardin, C.; Masenelli-Varlot, K., Facile and Rapid Synthesis of Highly Luminescent
Nanoparticles Via Pulsed Laser Ablation in Liquid. Nanotechnology, 20, 445605 (2009).

Ikehata, T.; Onodera, Y.; Nunokawa, T.; Hirano, T.; Ogura, S.-i.; Kamachi, T.; Odawara, O.; Wada, H.,
Photodynamic Therapy Using Upconversion Nanoparticles Prepared by Laser Ablation in Liquid. Applied
Surface Science, 348, 54-59 (2015).

T. Maldiney, G. S., B. Viana, D. Gourier, C. Richard, D. Scherman, M. Bessodes, K. Van den Eeckhout, D.
Poelman, and P. F. Smet, In Vivo Optical Imaging with Rare Earth Doped Ca2Si5N8 Persistent Luminescence
Nanoparticles. optical materials express, 2 (2012).


https://doi.org/10.1117/12.2211084

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31.

[32].

[33].

[34].

[35].

[36].

[37].
[38].

[39].

[40].

[41].

Wang, H.; Tomiya, T.; Takeda, T.; Hirosaki, N.; Odawara, O.; Wada, H., Fabrication of Nanoscale Ca-A-
Sialon:Eu2+Phosphor by Laser Ablation in Water. Applied Physics Express, 8, 115001 (2015).

Cho, K.; Choi, J.; Lee, J.-I.; Ryu, J. H., Pulsed-Laser-Assisted Synthesis of a Tm3+/Yb3+ Co-Doped CaMoO4
Colloidal Nanocrystal and Its Upconversion Luminescence. Journal of the Korean Physical Society, 68, 22-27
(2016).

Gemini, L.; Schmitz, T.; Kling, R.; Barcikowski, S.; Gokce, B., Upconversion Nanoparticles Synthesized by
Ultrashort Pulsed Laser Ablation in Liquid: Effect of the Stabilizing Environment. Chemphyschem : a European
journal of chemical physics and physical chemistry, 18, 1210-1216 (2017).

Wang, H.; Odawara, O.; Wada, H., Morphology and Optical Properties of YVO4:Eu 3+ Nanoparticles
Fabricated by Laser Ablation in Ethanol. Applied Surface Science, 425, 689-695 (2017).

Anjana, R.; Kurias, K. M.; Jayaraj, M. K., Clean Synthesis of YOF:Er3+,Yb3+ Upconversion Colloidal
Nanoparticles in Water through Liquid Phase Pulsed Laser Ablation for Imaging Applications. Optical
Materials, 72, 730-736 (2017).

Dai, J.; Feng, G.; Wang, S.; Zhang, H.; Dai, S.; Zhou, S., Transparent NaGdF4 :Nd3+ Colloid Prepared by
Femtosecond Laser Ablation as a Liquid Laser Medium. Optics & Laser Technology, 92, 202-205 (2017).
Relvas, M. S.; Soares, M. R. N.; Pereira, S. O.; Girdo, A. V.; Costa, F. M.; Monteiro, T., Trends in Cr3+ Red
Emissions from ZnGa204 Nanostructures Produced by Pulsed Laser Ablation in a Liquid Medium. Journal of
Physics and Chemistry of Solids 129, 413-423 (2016).

Aneesh, P. M.; Shijeesh, M. R.; Aravind, A.; Jayaraj, M. K., Highly Luminescent Undoped and Mn-Doped Zn$S
Nanoparticles by Liquid Phase Pulsed Laser Ablation. Applied Physics A, 116, 1085-1089 (2013).

Zheng, J.; Zheng, Z.; Gong, W.; Hu, X.; Gao, W.; Ren, X.; Zhao, H., Stable, Small, and Water-Soluble Cu-
Doped ZnS Quantum Dots Prepared Via Femtosecond Laser Ablation. Chemical Physics Letters, 465, 275-278
(2008).

Hunter, B. M.; Blakemore, J. D.; Deimund, M.; Gray, H. B.; Winkler, J. R.; Mdller, A. M., Highly Active
Mixed-Metal Nanosheet Water Oxidation Catalysts Made by Pulsed-Laser Ablation in Liquids. Journal of the
American Chemical Society, 136, 13118-13121 (2014).

Bessiere, A.; Jacquart, S.; Priolkar, K.; Lecointre, A.; Viana, B.; Gourier, D., ZnGa204:Cr3+: A New Red
Long-Lasting Phosphor with High Brightness. Opt. Express, 19, 10131-10137 (2011).

Maldiney, T., et al., The in Vivo Activation of Persistent Nanophosphors for Optical Imaging of Vascularization,
Tumours and Grafted Cells. Nature materials, 13, 418-26 (2014).

Basavaraju, N.; Priolkar, K. R.; Gourier, D.; Sharma, S. K.; Bessiere, A.; Viana, B., The Importance of Inversion
Disorder in the Visible Light Induced Persistent Luminescence in Cr(3)(+) Doped AB(2)O(4) (A = Zn or Mg
and B = Ga or Al). Physical chemistry chemical physics : PCCP, 17, 1790-9 (2015).

Basavaraju, N.; Sharma, S.; Bessiére, A.; Viana, B.; Gourier, D.; Priolkar, K. R., Red Persistent Luminescence in
MgGa204 : Cr3+; a New Phosphor for in Vivo Imaging. Journal of Physics D: Applied Physics, 46, 375401
(2013).

Lecuyer, T.; Teston, E.; Ramirez-Garcia, G.; Maldiney, T.; Viana, B.; Seguin, J.; Mignet, N.; Scherman, D.;
Richard, C., Chemically Engineered Persistent Luminescence Nanoprobes for Bioimaging. Theranostics, 6,
2488-2524 (2016).

Viana, B.; Sharma, S. K.; Gourier, D.; Maldiney, T.; Teston, E.; Scherman, D.; Richard, C., Long Term in Vivo
Imaging with Cr3+ Doped Spinel Nanoparticles Exhibiting Persistent Luminescence. Journal of Luminescence,
170, 879-887 (2016).

Bessiére, A.; Lecointre, A.; Benhamou, R. A.; Suard, E.; Wallez, G.; Viana, B., How to Induce Red Persistent
Luminescence in Biocompatible Ca3(P0O4)2. J. Mater. Chem. C, 1, 1252-1259 (2013).

Xu, J.; Ueda, J.; Zhuang, Y.; Viana, B.; Tanabe, S., Y3AI5-XGax012:Cr3+: A Novel Red Persistent Phosphor
with High Brightness. Applied Physics Express, 8, 042602 (2015).

Sharma, S. K.; Gourier, D.; Teston, E.; Scherman, D.; Richard, C.; Viana, B., Persistent Luminescence Induced
by near Infra-Red Photostimulation in Chromium-Doped Zinc Gallate for Invivo Optical Imaging. Optical
Materials, 63, 51-58 (2017).

Sharma, S. K.; Gourier, D.; Viana, B.; Maldiney, T.; Teston, E.; Scherman, D.; Richard, C., Persistent
Luminescence of AB204:Cr3+ (A=Zn, Mg, B=Ga, Al) Spinels: New Biomarkers for in Vivo Imaging. Optical
Materials, 36, 1901-1906 (2014).

Maldiney, T.; Viana, B.; Bessiere, A.; Gourier, D.; Bessodes, M.; Scherman, D.; Richard, C., In Vivo Imaging
with Persistent Luminescence Silicate-Based Nanoparticles. Optical Materials, 35, 1852-1858 (2013).


https://www.sciencedirect.com/science/journal/00223697/129/supp/C

[42].

[43].

[44],

[45].

[46].

[47].

[48].

[49].

[50].
[51].

[52].

[53].
[54].

[55].

[56].
[57].
[58].
[59].
[60].

[61].

Liu, J.; Lécuyer, T.; Seguin, J.; Mignet, N.; Scherman, D.; Viana, B.; Richard, C., Imaging and Therapeutic
Applications of Persistent Luminescence Nanomaterials. Advanced Drug Delivery Reviews, 138, 193-210 (2019).
Pellerin, M.; Glais, E.; Lecuyer, T.; Xu, J.; Seguin, J.; Tanabe, S.; Chanéac, C.; Viana, B.; Richard, C.,
LaAlO3:Cr3+, Sm3+: Nano-Perovskite with Persistent Luminescence for in Vivo Optical Imaging. Journal of
Luminescence, 202, 83-88 (2018).

Xu, J.; Murata, D.; Ueda, J.; Viana, B.; Tanabe, S., Toward Rechargeable Persistent Luminescence for the First
and Third Biological Windows Via Persistent Energy Transfer and Electron Trap Redistribution. Inorg. Chem.,
57, 5194-5203 (2018).

Matsuzawa, T., A New Long Phosphorescent Phosphor with High Brightness, Sral[Sub 2]O[Sub 4]:Eu[Sup
2+],Dy[Sup 3+]. Journal of The Electrochemical Society, 143, 2670 (1996).

Zhang, H.; Xue, Z.; Lei, B.; Dong, H.; Zhang, H.; Deng, S.; Zheng, M.; Liu, Y.; Xiao, Y., A Top-Down Method
to Fabricate SrAl204:Eu2+,Dy3+ Nanosheets from Commercial Blocky Phosphors. Optical Materials, 36,
1802-1807 (2014).

Nazarov, M.; Brik, M. G.; Spassky, D.; Tsukerblat, B.; Nor Nazida, A.; Ahmad-Fauzi, M. N., Structural and
Electronic Properties of SrAI204:Eu2+ from Density Functional Theory Calculations. Journal of Alloys and
Compounds, 573, 6-10 (2013).

Schulze, A. R.; Buschbaum, H. M. I, Zur Verbindungsbildung Von Meo: M203. Iv. Zur Struktur Von
Monoklinem Sral204. Zeitschrift fur anorganische und allgemeine Chemie, 475, 205-210 (1981).

Al-Mamun, S. A.; Nakajima, R.; Ishigaki, T., Effect of Liquid Level and Laser Power on the Formation of
Spherical Alumina Nanoparticles by Nanosecond Laser Ablation of Alumina Target. Thin Solid Films, 523, 46-
51 (2012).

Abbasi, M.; Dorranian, D., Effect of Laser Fluence on the Characteristics of Al Nanoparticles Produced by Laser
Ablation in Deionized Water. Optics and Spectroscopy, 118, 472-481 (2015).

Nichols, W. T.; Sasaki, T.; Koshizaki, N., Laser Ablation of a Platinum Target in Water. li. Ablation Rate and
Nanoparticle Size Distributions. Journal of Applied Physics, 100, 114912 (2006).

Shih, C.-Y.; Streubel, R.; Heberle, J.; Letzel, A.; Shugaev, M. V.; Wu, C.; Schmidt, M.; Gokce, B.; Barcikowski,
S.; Zhigilei, L. V., Two Mechanisms of Nanoparticle Generation in Picosecond Laser Ablation in Liquids: The
Origin of the Bimodal Size Distribution. Nanoscale, 10, 6900-6910 (2018).

Botterman, J.; Joos, J. J.; Smet, P. F., Trapping and Detrapping in SrAl204:Eu,Dy Persistent Phosphors:
Influence of Excitation Wavelength and Temperature. Physical Review B, 90 (2014).

Dutczak, D.; Justel, T.; Ronda, C.; Meijerink, A., Eu(2+) Luminescence in Strontium Aluminates. Physical
chemistry chemical physics : PCCP, 17, 15236-49 (2015).

Clabau, F.; Rocquefelte, X.; Jobic, S.; Deniard, P.; Whangbo, M. H.; Garcia, A.; Le Mercier, T., Mechanism of
Phosphorescence Appropriate for the Long-Lasting Phosphors Eu2+-Doped SrAI204with Codopants Dy3+and
B3+. Chemistry of Materials, 17, 3904-3912 (2005).

Nazarov, M.; Brik, M. G.; Spassky, D.; Tsukerblat, B., Crystal Field Splitting of 5d States and Luminescence
Mechanism in SrAI204:Eu2+ Phosphor. Journal of Luminescence, 182, 79-86 (2017).

Dorenbos, P., Energy of the First 4f7—4f65d Transition of Eu2+ in Inorganic Compounds. Journal of
Luminescence, 104, 239-260 (2003).

Gokce, B.; van’t Zand, D. D.; Menéndez-Manjén, A.; Barcikowski, S., Ripening Kinetics of Laser-Generated
Plasmonic Nanoparticles in Different Solvents. Chemical Physics Letters, 626, 96-101 (2015).

Cheng, B.; Liu, H.; Fang, M.; Xiao, Y.; Lei, S.; Zhang, L., Long-Persistent Phosphorescent SrAlI204:Eu2+,
Dy3+ Nanotubes. Chemical communications, 944-6 (2009).

Fu, Z.; Zhou, S.; Zhang, S., Study on Optical Properties of Rare-Earth lons in Nanocrystalline Monoclinic
SrAl204: Ln (Ln = Ce3+, Pr3+, Tb3+). The journal of physical chemistry. B, 109, 14396-400 (2005).

Lin, Y.; Zhang, Z.; Zhang, F.; Tang, Z.; Chen, Q., Preparation of the Ultrafine Sral204:Eu,Dy Needle-Like
Phosphor and Its Optical Properties. Materials Chemistry and Physics, 65, 103-106 (2000).



