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Abstract 

 

Structural and luminescence properties of SrTiO3: Pr
3+

: A
+
 (A

+
: Li, Na, K) nanophosphors 

were synthesized by simple sonochemical route. Prepared products were well-characterized 

for their optical and structural properties. Surface morphology of the prepared samples were 

studied with the influential parameters such as surfactant concentration, sonication time, 

temperature, pH and compared the effect with normal mechanical stirring. Morphology was 

highly dependent on the experimental parameters.  The predicted growth mechanism to 

obtain superstructures of the samples prepared by sonochemical method was discussed. 

Photoluminescence (PL) studies exhibit characteristic emission peaks of Pr
3+

 ions in the 

range 500-750 nm. The highest PL intensity was obtained for 5 mol% of Pr
3+

 doped samples. 

Further, co-doping with Li
+
, Na

+
 and K

+
 ion into Pr

3+
 activated SrTiO3 phosphor led to an 

enhancement in luminescence intensity by reducing the parity restriction of electric dipole 

transitions.  As a consequence of suitable local distortion of the crystal field surrounding to 

the Pr
3+

 activator ions. The maximum PL intensity was observed for Li
+
 (1 wt %) co-doped 

SrTiO3:Pr
3+

 (5 mol %) samples. Furthermore, Li
+
 ion was the best charge compensator, 

because of it reduced the defects emission and also increased the emission intensity of 

Pr
3+

 significantly. Prepared phosphors exhibit short lifetime, good quantum efficiency; 

excellent color purity which is near to the NTSC standards. Prepared fluorescent powders 

were used as a dusting powder for the rapid visualization of latent fingerprints under UV light 

of 254 nm. From the reported results it is evident that the optimized prepared samples are 

suitable for solid state lighting and advanced forensic investigation applications. 
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1. Introduction 
 

Phosphor materials showed their potentiality in the fields of display devices, white 

LEDs, and optical devices due to their less energy consumption capability [1, 2].  Recently 

nanophosphor materials which showed much better solution for these applications.   

Therefore, there is a lot of scope to fabricate superior luminescent nanophosphors (NPs) 

having special spectral potentials. Trivalent rare earth (RE) ions doped in a suitable host 

matrix was a familiar approach to attain outstanding luminescence spectral characteristics.  

Emission behavior of the RE ions depends on the surrounding environment; choice of host 

plays an important role in realizing rich luminescence features of the phosphor. This was due 

to active energy transfer from the host material to dopant ions [3-5].  Strontium titanate 

(SrTiO3) is considered to be an ideal host due to its wide energy band gap (3.3 eV) and its 
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compositional stability at extreme environmental conditions.  This helps SrTiO3 to use for 

many applications namely; dynamic random access memory, tunable microwave gadgets, 

photo-electrodes for hydrogen production, hydrogen storage etc. [6-8]. 

Monovalent, alkali metal ions like Li
+
, K

+ 
and Na

+
 have low oxidation state and small 

ionic radii which can alter the local site symmetry of RE ions doped inside the host matrix.   

Among these monovalents, Li
+
 is used in large due to their role as a flux, supports for the 

charge trapping and for the creation of oxygen vacancies, high diffusivity of Li
+
 ions in the 

host matrix and easily alters the crystal field [9, 10].  However, to the best of our knowledge 

the co-doping effect of Na
+
 and K

+
 monovalent ions in the SrTiO3: Pr

3+
 material matrix is not 

reported so far. 

Fingerprints (FPs) analyses have provided reliable evidence for exact identification of 

individuals. In the criminal investigations, FPs were considered as major proof due to their 

tenacity and individuality features.   These FPs are mainly grouped into latent, patent, and 

plastic prints [11, 12].  Among these latent fingerprints (LFPs) were unseen to eyes but they 

consist of sweat and oil traces of the culprit transferred from the skin surface to the various 

articles used by offender at the crime scene [13-17].   Hence, a better visualization technique 

is necessary to make them visible effectively and must be able to preserve for long duration. 

Small irregularities occur within the friction ridges of the LFPs called as Galton’s details are 

of bifurcation, ridge endings, and dots or islands pattern must be viewed clearly for the 

precise identification [18-20].  From past few decades, several LFPs visualization techniques 

have been developed such as powder dusting, vacuum metal deposition, ninhydrin, 

cyanoacrylate, iodine fuming, fluorescence staining etc. [21, 22]. Among these, powder 

dusting technique is simple and easy but it has the drawbacks of low visibility, use of toxic 

powders, blurriness and fast decay [23].  Still visualization of LFPs on dark background 

colored surfaces and transparent surfaces were quite challenging. To find suitable solution to 

this RE ions doped luminescent materials are employed for the visualization of LFPs 

assisting both class and individual ridge characteristics [24-26]. Li
+
, K

+ 
and Na

+
 co-doped 

SrTiO3: Pr
3+

 prepared samples were used as powder dusting and reported their effectiveness 

in visualization of LFPs. Preparing and using of security ink to protect the counterfeit money 

and to avoid the forgery of a private documents is one more challenging [27,28].    Prepared 

samples were also used for testing their potentiality as a security ink to overcome the problem 

of counterfeiting.  

For the preparation of NPs, various synthesis techniques were employed such as solid 

state reaction, solution combustion, ultrasonication, hydrothermal, solvothermal, sol-gel etc. 
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[29-32].  Among these methods of preparation, ultrasonication method was considered as one 

of the facile approach.  Because of preparation under ambient conditions, able to obtain high 

homogeneity, easily scalable to industry requirements and low cost [16,33,34]. High 

temperature and partial pressures with adiabatic nature in the system creates the acoustic 

cavitation which destroys the attractive forces among the molecules leads to the formation of 

nanopowders [35-37]. Sonochemistry is the field where the formation, development and 

crumple of the acoustic cavitation during the reaction was studied. This route is simple, single 

step approach, able to produce high purity, narrow size distribution and fast reaction rate.  

Additionally, it brings down the crystallization temperature and because of its rapid synthesis 

procedure it can be easily scalable to industrial needs [38].  

In the present work, structural, morphological and luminescence properties of SrTiO3: 

Pr
3+

 (1-11 mol %) and SrTiO3: Pr
3+ 

(5 mol%): A
+
 (A

+
: Li, Na, K) nanophosphors synthesized by 

sonochemical route using EGCG as a surfactant were reported. Various experimental 

parameters such as ultrasound irradiation time, surfactant concentration, effect of pH and 

frequency were changed to study the morphology and luminescence properties of the final 

product. Superstructures (SS) were obtained in the morphology features was explained 

through growth mechanisms. Samples were characterized for their structural, morphological 

and compositional informations.  Photoluminescence properties of the samples were explored 

for their use in various solid state and forensic applications.  Prepared samples were 

effectively used for the visualization of LFPs on various porous and non-porous surfaces.   

Also checked for the anti-counterfeiting applications of the prepared samples.  

 

 

 

2. Experimental 

2.1. Synthesis of Monovalent (Li, Na, K) co-doped SrTiO3:Pr
3+

 phosphors 

Analytical grade strontium chloride hexahydrate [SrCl2. 6H2O, (99.9 %)], Titanium (IV) 

chloride [TiCl4 (99 %)] and Praseodymium (III) Chloride [PrCl3, (99.9 %)] were procured 

from Sigma Aldrich and used without further purification. Alkali chlorides, (LiCl2, NaCl and 

KCl) were used as alkali metal ion sources, which act as a co-dopant in the preparation of 

SrTiO3: Pr
3+

. Stoichiometric quantities of the chemicals along with bio-surfactant 

(Epigallocatechin gallate (EGCG)) were taken in 500 ml beaker and thoroughly mixed using 

double distilled water. Further, the pH of the precursor solution was adjusted by adding KOH 
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solution of 1M. The resultant precursor solution was subjected to sonication treatment with a 

titanium horn probe (frequency and power of ~ 20 kHz and 300 W). After the sufficient 

ultrasound irradiation, the obtained precipitate was thoroughly washed with ethanol and were 

calcined to ~ 200 °C for 3 h.  The schematic illustration for the fabrication of SrTiO3: Pr
3+ 

(1-

11 mol %) NP by sonochemical route was showed in Fig. 1. 

2.2. Visualization of LFPs by using SrTiO3:Pr
3+ 

(5 mol %) NPs co-doped with 

Li
+
 (1 wt %) ion  

 

 LFPs used in the present study were collected from a healthy single donor. Before 

impression of the LFPs, the donor hands were cleaned thoroughly and dried in air and 

deposited the LFPs on various forensic related porous and non-porous surfaces. Highest PL 

intensity showed NPs were applied carefully by smooth brushing method as a dust for 

powder dusting method. Developed LFPs were photographed using a digital camera under 

UV 254 nm light.  

2.3 Preparation of SrTiO3:Pr
3+ 

(5 mol %): Li
+ 

(1 wt %) luminescent ink  

 In order to develop luminescent security ink, SrTiO3:Pr
3+

 (5 mol %): Li
+
 (1 wt %) 

NPs were well dissolved in a standard polyvinyl alcohol (PVA) gold medium using a 

magnetic stirring followed by ultrasonication for ~ 10 min. The obtained transparent solution 

was used as luminescent ink by pouring into a dip pen to draw various labels and visualized 

these drawings under 254 nm light.  Fig.2. shows the pictorial representation of the (a) 

visualization of LFPs under 254 nm UV light using SrTiO3:Pr
3+

 (5 mol %) nanophosphor by 

powder dusting process. Fig.2(b) shows development process for anti-counterfeiting labels. 

 

2.2. Characterization techniques 

Shimadzu 7000- powder x-ray diffractometer with Cukα (1.541 Å) radiation was employed 

for the structural characterization.  Hitachi TM-3000 scanning electron microscope (SEM) 

and H-8100 transmission electron microscope (TEM) were used to study the morphology and 

to estimate the crystallite size respectively. Photoluminescence (PL) studies were carried out 

using Jobin Yvon Spectrofluorimeter Fluorolog-3 with Xenon lamp as an excitation source 

(450 W).  The Nikon D3100/AF-S digital camera with 50 mm f/2.8 G ED lens was employed 

to photograph the developed LFPs under UV 254 nm irradiation light. 

 

3. Results and discussion 

 

3.1 PXRD analysis 
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Fig.3 (a) depicts the powder x-ray diffraction (PXRD) profiles of SrTiO3:Pr
3+

 (1-11 mol 

%) NPs. The profiles exhibit single cubic phase with perovskite structure. The obtained 

results were in good agreement with JCPDS card number 35-0734 [39].  Dopant ions were 

effectively substituted in SrTiO3 host lattice effectively helps for tuning the optical and 

electronic properties of these materials. Substitution of Li
+
 at Ti

4+
 site is possible if size is 

only the consideration, but charge difference is quite large and its substitution causes more 

point defects in crystallites as a consequence, the PL property decreases as compared to 

SrTiO3:Pr
3+

 NPs. The average crystallite sizes (D) of the prepared NPs were estimated using 

Scherrer’s relation and Williamson-Hall (W-H) plots (Fig.3c). The ‘D’ values of the prepared 

samples were tabulated in Table 1. Fig. 3d shows that there is no major change in the 

positions of diffraction peaks due to the co-dopant ions except the variation in the x-ray 

intensity. 

3.2. Raman scattering spectral analysis 

 

Room temperature (RT) Raman spectra of the SrTiO3:Pr
3+

 (5 mol %) co-doped with 

monovalent (Li
+
, Na

+
, K

+
) NPs are shown in Fig. 4(a). The spectra exhibit peaks at ~ 154, 

177, 222, 245, 287, 337, 471, 494, 530, and 640 cm
-1

 in low-energy region, which are owing 

to the Raman modes of the orthorhombic crystal structure of SrTiO3 [40].  The peaks at ~ 

177, 222, 245, 287, and 337 cm
-1 

are assigned to O–Ti–O bending modes. The peaks at ~ 471, 

494, and 530 cm
-1 

are related to Ti–O3 torsional modes and the 640 cm
-1 

peak is characteristic 

of Ti–O symmetric stretching mode. It is interesting to note that when Pr
3+

 was introduced 

into the SrTiO3 powders, additional new peaks at ~ 798, 1048, 1188, 1371, 1441, 1601, and 

1644 cm
-1

 in the high-energy region were observed, which were attributed to localized 

vibrational modes of the dopant Pr
3+

 ions.  

 

3.3 Fourier Transform Infra-red (FTIR) spectroscopy  

 

To support for the results of section 3.2, Fig. 4(b) shows the FTIR spectra of the 

synthesized SrTiO3:Pr
3+

 (5 mol %), M
+
 (M

+
 = Li, Na and K) NPs.  The spectra show 

absorption bands at  546, 1070, 1442, 1660 and 3461 cm
-1

. The O-H stretching and bending 

vibrations of water are related with bands at 3461 and 1660 cm 
-1

. The bands at ~ 1070 and 

1442 cm
-1

 were attributed to alcoholic bending vibrations (C-OH functional groups). Broad 

band between ~ 500 and 800 cm
-1

 were owing to stretching vibrations of SrTiO3 host and 

Pr
3+

-O vibrations [41]. 
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3.4 Morphological analysis 

 

Scanning electron micrographs of Pr
3+

 doped SrTiO3 NPs prepared by varying ultrasound 

irradiation time (1-5 h) was shown in Fig.5 (a–f). It was evident from the figure that some 

irregular aggregates act as a building block for the architectures as observed at 1 h ultrasound 

irradiation time Fig.5 (a). When the ultrasound irradiation time increased to 2 h, irregular 

aggregates fragmented and ordered growth. Further, samples fabricated at prolonged 

ultrasound irradiation times, i.e., 3 and 4 h, individual fragments will undergo self-assembly 

to form the flat hexagonal disc like structures (Fig. 5 (c & d)). In addition, when ultrasound 

irradiation time was increased to 5 h, bullets like structures will undergo self- assembly in an 

oriented direction to form hierarchical flower-like superstructures (Fig. 5 (e, f)).  

Fig.6 shows the SEM micrographs of SrTiO3:Pr
3+

 (5 mol %): Li
+
 (1 wt %) prepared with 

various concentrations of bio-surfactant EGCG. When the concentration of EGCG is 5 

%W/V, thick edged randomly oriented disc like structures were obtained (Fig.6a). As the 

concentration of EGCG continues to increase to 10 %W/V the smooth edged disc like 

structures appears to be fragmented (Fig.6b). Further increase in the EGCG concentration to 

15 %W/V these fragmented particles divided into several branches at the edges and stacked 

together (Fig.6c).  However, with further increase in the EGCG concentration to 20-30 

%W/V the smooth hexagonal discs are clearly separated from each other (Fig.6 (d-f)). 

Finally, a flower-like hexagonal structures were formed in the presence of 35 %W/V EGCG 

concentration (Fig.6g).  

The effect of different pH on the morphologies of the product was also studied in detail 

as shown in Fig.7.  When the pH value was set to 1, agglomerated thick edged tumor like 

structures were obtained (Fig.7a). However, when the pH value was set to 3 and 5, 

agglomerated tumor like structures undergo self-assembly and form thick edged smooth 

hexagonal. Further, with increase of pH to 7 and 9, more self-assembled hexagonal structures 

were appeared (Fig.7 (d-f)). The effect of ultrasonication power on the morphology was 

shown in Fig.8. It can be observed from the figure that when the ultrasonication power is 20 

kHz, irregular shaped thick edged particles were found to be arranged in a circular fashion 

(Fig.8a). When the power was increased to 24 and 26 kHz these circularly arranged particles 

were appearing to be separated from each other (Fig.8 b, c).  In addition, SEM micrographs 

of SrTiO3:Pr
3+

 (5 mol %): Li
+
 (1 wt %) prepared without ultrasound (using mechanical 
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stirring) was shown in Fig.9. The images revealing that the samples are composed of many 

agglomerated particles and no obvious structure was observed.  

Fig.10 shows the growth mechanism of SrTiO3: Pr
3+

 (5 mol %): Li
+
 (1 wt %) NPs 

exhibiting flower-like hierarchical structures. In the present work, surfactant EGCG acts as a 

face-inhibitor for the formation of flower-like hierarchical structures. Irregular shaped 

primary particles obtained at primary stage were utilized as seeds for anisotropic growth in 

the subsequent process. The surfactant was absorbed on these primary particles by utilizing 

minimum energy of the system and van der Waals interactions results into curved and tilted 

nano plates-like structures. These tiny nano plates undergo self-assembly in an edge-to-edge 

way by an oriented direction. Hence, the shape of the particles gradually evolved to 3D 

hierarchical flower-like structures with a concavity on the top.  

TEM image of the optimized SrTiO
3
: Pr

3+
 (5 mol %): Li

+
 (1 wt %) NPs were shown 

Fig.11(a, b). From the figure it was evident that each particle appears to be of hexagonal in 

shape and average crystallite size is ~ 27 nm which is in correlation with PXRD results.  

From HRTEM image (inset of Fig.11(a)), interplanar spacing (d) between the adjacent lattice 

planes was found to be ~0.28 nm for (110) plane.  Inset of Fig. 11 (b) shows the selected area 

electron diffraction (SAED) pattern of the sample shows the regular rings confirms the 

polycrystalline nature.  The elemental compositions of SrTiO3: Pr
3+

 (5 mol %) NPs were 

shown in Fig.11(c) confirms the presence of Sr, Ti, O and Pr ions in the prepared sample 

without any additional impurities. 

 

 

   

3.5. Photoluminescence (PL) property 

 

Fig.12 (a) shows the PL excitation spectrum of SriO3:Pr
3+

 (5 mol %) NPs under 607 

nm emission at RT. The spectrum shows various peaks, among them peak at ~ 442 nm was 

most intense, which is attributed to 
3
H4→

3
P1 transitions of Pr

3+
 ions. Hence the PL emission 

spectra of SrTiO3:Pr
3+

 (1-11 mol %) NPs were recorded with excitation wavelength of 442 

nm (Fig. 12 (b)). The spectra exhibit emission peaks at ~ 491, 527, 607, 626, 647, 685 and 

737 nm were ascribed to the 
3
P0→

3
H4, 

3
P1→

3
H5, 

3
P0→

3
H5, 

3
P0→

3
H6, 

3
P0→

3
F2, 

3
P0→

3
F3 and 

3
P0→

3
F4 transitions of Pr

3+
 ions [42]. It was observed from the figure that position and shape 

of the spectra were exhibited similar trend but intensity of emission peaks changes with 

respect to Pr
3+

 concentration. The variation of PL intensity as a function of Pr
3+

 concentration 
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was shown in the inset of Fig.12 (b). The PL intensity increases up to 5 mol % of Pr
3+

 and 

later diminishes. This diminishing nature of PL intensity was mainly due to concentration 

quenching phenomena attributed to energy transfer among dopant Pr
3+

 ions.  

The luminescent property of the phosphors arises from the complex interaction among 

host structure, activators, defects and interfaces. For SrTiO3 phosphor the Pr
3+

 ions entered 

the host lattice and specially substituted for Sr
2+

 ions, which induced the charge imbalance 

for SrTiO3 phosphor [43,44]. The emission spectra of monovalent ions (Na
+
, Li

+ 
and K

+
) co 

doped SrTiO3:Pr
3+

 (5 mol %) NPs excited under 442 nm was shown in Fig.12c. Similar 

observed trends with varying intensities, indicating that the dopant Pr
3+

 and co dopants had 

successfully substituted in the SrTiO3 host lattice.  The emission intensity trend in the 

prepared samples follows the order: Li
+
 > Na

+
 > K

+
.  This order may be explained based on 

lithium ion size as it is small enough to fit any crystal site and the incorporation of this will 

not change the lattice constant however the diffraction peak widths at half maxima were 

sharpened indicates that co-dopants helped in strain relaxation by generating oxygen 

vacancies.  The obtained results suggested that, the co-dopant Li
+ 

ions
 
decrease the intrinsic 

defects and also facilitate the energy transfer from host to charge transfer states.  According 

to Dexter theory [45], the type of interaction is of dipole-dipole as evident from the 

logarithmic plot of (I/x) and (x) with a slope of −0.85 and intercept (Q) of 7.42 (Fig.12 (d)).  

The energy level energy level diagram of Pr
3+ 

ions in SrTiO3 host was shown in Fig.12 (e).  

The added monovalent elements work as a scavenger for SrO planar faults, leading to the 

improved intensity.  Complexes formed due to the charge compensation of Pr
3+

 and Sr
2+

 sites 

by monovalent elements substituted at Ti
4+

.   The increased number of derived sites results in 

an increase in the energy transfer from SrTiO3.  The PL intensity enhanced as the 

concentration of monovalent elements concentration increase was due to increased 

crystallinity of the samples, morphological changes in nano/micro scale and also due to 

charge compensation between Sr /Ti and Pr ions [43]. 

 

3.6. Decay studies 

Fig. 13 (a-d) shows the PL decay curves of SrTiO3:Pr
3+

 (5 mol %), Na
+
, K

+
, Li

+
 NPs 

under 442 nm excitation and 607 nm wavelength emission. The double exponential function 

was utilized to fit the obtained data, as follows [46]: 

 

)/exp()/exp( 2211  tItII t 
                       

-------- (1) 
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where I1, I2 and τ1, τ2; PL intensities and corresponding lifetimes in an excited energy state, 

respectively. The average lifetime (τaverage) of doped ions in the excited energy states was 

estimated by using following relation [47, 48]: 

2211

2

22

2

11






II

II
veragea






                                   

--------- (2) 

The average lifetimes (τaverage) of the prepared samples were estimated and given in the 

Fig.13.  Average lifetime of Pr
3+

 ions present in various chemical and physical environments 

of the phosphor is based on non-homogeneity or defect structure or in homogeneous energy 

transfer process within the Pr
3+

 energy levels. In this case Pr
3+

 ions present at the surface of 

the phosphor show a swift decay, meanwhile Pr
3+

 core ions exhibit slow decay comparatively 

to the earlier ions. This is the main reason for the bi-exponential nature of these samples. 

From Fig.13 it is evident that, decay life times have similar behavior with variation in 

luminescence intensity with respect to Pr
3+

 and monovalent metal ions concentrations. The 

doping of monovalent alkali metal ions creates the oxygen vacancies. These oxygen 

vacancies, can act as sensitizers, and may facilitate the efficient energy transfer between the 

Sr-O and Pr-O, might be the reason for the longer life time values of the alkali metal ions co-

doped phosphors compared to non-co-doped phosphors. 

The Commission International De- I-Eclairage (CIE) 1931 chromaticity co-ordinates 

[49 – 52] for SrTiO3:Pr
3+

 (5 mol %), Na
+
, K

+
, Li

+
 NPs were as shown in Fig.14 (a). It was 

noticed that the CIE co-ordinates shifted from orange red (0.591, 0.416) to pure red (0.624, 

0378) region. This confirms that the optimized SrTiO3:Pr
3+

 (5 mol %), Li
+
 NPs emits pure red 

emission with high color purity. The emission intensity of Li
+
 co-doped samples is 5 times 

more than that of SrTiO3:Pr
3+

 (5 mol %) phosphors and has high color purity CIE 

chromaticity coordinates located at (0.66, 0.34), which is just at the NTSC system standard 

for red chromaticity. Hence, the phosphor could be excited by not only near-UV but also blue 

LED in solid-state lighting technology [53]. 

 Corresponding correlated color temperature (CCT) was estimated using standard 

transformation equations [54, 55].  The CCT diagram of SrTiO3:Pr
3+

 (5 mol %), Na
+
, K

+
, Li

+
 

NPs was given in Fig.14 (b). The average CCT values of the prepared samples were found to 

be ~1802 K. The obtained values were well acceptable range and quite useful in home 

appliances. Further, the color purity of the prepared powders was calculated by utilizing the 

equation [56, 57]: 

 olour purity   
√(      )

    (      )
 

√(      )
    (      )

 
               ---------------- (3) 
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where (xs, ys) ; the coordinates of a sample point (xd, yd) ; the coordinates of the dominant 

wavelength and (xi, yi) ; the co-ordinates corresponds to the highest illumination points.  

Table 2 gives the color purity values of the obtained samples. From the Table.2 it is noticed 

that the highest color purity (85 %) was found for Li
+
 co-doped samples. Further, quantum 

efficiency (QE) of the SrTiO3:Pr
3+

 (5 mol %) with monovalent ions (Na
+
, K

+
, Li

+
) co-doped 

NPs were estimated using the relation [58]: 

   
                         

                          
 
     

     
                       ---------------- (4) 

where, EC ; the integrated luminescence of the phosphor caused by direct excitation, 

Ea ; the integrated luminescence from the empty integrating sphere (blank, without sample), 

La; the integrated excitation profile from the empty integrating sphere, Lc; the integrated 

excitation profile when the sample is directly excited by the incident beam. In the present 

case, the estimated average QE value was found to be ~ 73 %.  The obtained results indicate 

that the prepared phosphor can be used as a potential candidate for display device 

applications. 

 

 

3.7. LFPs observation using SrTiO3:Pr
3+ 

(5 mol %), Li
+
 NPs as a powder dust. 

 

In order to achieve the sensitivity and selectivity of LFPs, LFPs were stained by 

prepared NPs via powder dusting method and snapped under 254 nm UV light.  Fig.15 (a-e) 

shows the LFPs visualized with various monovalent metal ions (Na
+
, K

+
, Li

+
) on aluminum 

foil surface. It was observed from the figure that, the detailed ridge characteristics with high 

intensity were observed in Li
+
 ion blended samples.  

To confirm the practical applicability of optimized SrTiO3: Pr
3+

 (5 mol %): Li
+
 (1 wt 

%) NPs for LFPs visualization, a series of experiments were performed on various non-

porous surfaces namely, ceramic tile, metal scale, stamp pad, stapler, granite, marble and 

table spoon (Fig.16 (a-g)). Well defined FPs with three level details were clearly revealed on 

all surfaces, indicating that optimized sample quite effective for the visualization of LFPs 

without any background hindrance. Therefore, optimized phosphors can be great potential 

application for visualization LFPs [59].  

To achieve high contrast, enhancing the signal and lowering the background noise 

were the two approaches.  SrTiO3: Pr
3+

 (5 mol %): Li
+
 (1 wt %) when used for fingermark 

development on non-substrates (paper cup, plastic sheet and aluminum foil surface (Fig.18 a-
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c) indicated that the substrate surface didn’t affect the interaction between optimized NPs 

with the FPs.  As shown in Fig.18 (a), the level 1 detail (whorl ridge pattern) and more 

comprehensive details of level 2 (bi-furcation, ridge end, island, hook, eye, specialty, bridge, 

small ridge etc.) could be easily recognized by naked eyes. Furthermore, the level 3 

information (sweat pores and scar) can be also obtained, which was highly desired for 

individual identification. These excellent optical behaviors not only were sufficient for 

individualization but can also be used for exclusion, which were crucial for forensic 

investigations by circumventing issues related to sufficient contrast between the background 

and FP ridges arising from multicolored surfaces. Take the fluorescent images under UV 

wavelength, for example, the ridge pattern details of LFPs on aluminum foil surface could be 

clearly identified by bare eyes, which would provide sufficient evidence for individual 

identification.  

The pixel profile of the images at higher resolution indicated both the raised ridges 

and the furrows were stained using optimized NPs (Fig. 18(b)). The ridges of this developed 

FPs appeared to be fuzzy, showing the low selectivity. By using optimized NPs as fluorescent 

labels, the FPs exhibited sharp and well-defined papillary ridges, almost without any 

background stains. The results revealed that the optimized NPs were present on the ridges 

rather than in furrows. Furthermore, it was also worth mentioning that our method was so 

quick, efficient and completed within 30 s after moderate training. Therefore, these results 

confirmed that the optimized NPs were a potential and valuable candidate for the powder 

dusting method for visualization of LFPs on various substrates. 

Fig.19 shows the visualization of LFPs types of various donors using optimized 

powders on aluminum foil surface under 254 nm UV light. The LFPs stained by SrTiO3: Pr
3+

 

(5 mol %): Li
+
 (1 wt %) NPs and commercial powders (TiO2 and Fe2O3) on aluminum foil 

surface under 254 nm UV light were shown Fig. 18. It concludes that the finger print ridges 

were not clearly identifying the minutiae ridges in the finger prints stained by conventional 

powders. However, the synthesized product was noticeably enhanced minutiae ridges 

effortlessly due to their smaller crystalline size. Hence, it was confirmed that, preparation of 

nanophosphor was quite useful in order to enhance LFPs in different porous and non-porous 

materials compared commercial powders (Fig.20).  Since the NPs were prepared using 

EGCG as surfactant, we able to obtain superstructures which have the various kinds of 

surfaces such as flakes, flower like and diamond like structures.  Among these, the optimized 

one which was considered for the FPs visualization was SrTiO3:Pr
3+

 (5 mol%) and 

monovalents of 1 wt % each.  For these samples, when prepared by ultrasonication method 
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along with the EGCG surfactant, there is a formation of superstructures (Figures. 5 - 8) with 

high surface to volume ratio and more active surface leading to quantum confinement effects.  

Also we can see the well-connected networks through SEM images makes the prepared 

samples to stick to the surface of the LFPs and when exposed to light they can emit the 

fluorescence light of high intensity.  The mechanism of superstructures formation was also 

dealt in Fig. 10 shows the increased surface activity of the samples.  This mechanism is due 

to the egg box model formed from the EGCG polyphenol network where the NPs trapped [59 

- 61].    This increased surface activity makes the dusting powder to stick properly to the 

LFPs and stays for more time also prevent the sweat pores for long duration.   From Fig. 12 

(a) and (b) for fluorescent labeling, the PL spectra shows the suitability of broad excitation 

spectrum, narrow emission spectra and longer fluorescence lifetime are the reasons to select 

this as better dusting powder to visualize LFPs.  

 

3.8. Anti-counterfeiting analysis 

 

The transparent security ink prepared by SrTiO3: Pr
3+

 (5 mol %): Li
+
 (1 wt %) NPs in 

PVA gold medium under the sunlight and UV light (254 nm) was shown in Fig.21. The 

several images were printed using prepared ink on white paper and visualized under normal 

and UV 254 nm light to demonstrate the anti-counterfeiting applications. Fig.21 ((A-D) 

shows the visualization of anti-counterfeiting labels under normal light. Upon excited under 

254 nm UV light counterfeiting labels appears to be intense red as shown in Fig.21 (A
1
, B

1
, 

C
1
, D

1
). The above results reveal that optimized NPs have excellent solubility and dispersion 

in PVA gold medium and can be applied to the security ink as anti-counterfeiting 

applications. 

  

4. Conclusions 

 

Nano-sized SrTiO3:Pr
3+

/A
+
 (A = Li, Na and K) nanophosphors were synthesized by 

sonochemical route. Incorporation of alkali metal ions greatly enhanced the luminescence 

intensity due to the influence of charge compensation of codoped metal ions. In terms of the 

emission intensity, the best co-doping alkali ion was determined as Li. Furthermore, the 

emission intensities were gradually enhanced when the radius of A
+
 became smaller was due 

to the difference of ionic radii which would give rise to the diversity of sub-lattice structure 

around the luminescent center ions. This fundamental work might be important in developing 

new luminescent devices using the prepared samples for making components of tricolor 
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lamps, light emitting diodes and display devices. The alkali metal ions co-doped SrTiO3:Pr
3+

 

phosphors showed higher lifetime, better quantum efficiency and excellent chromaticity with 

high color purity. The optimized sample provides a novel platform for visualization of LFPs 

on various surfaces under 254 nm light. Therefore, the SrTiO3:Pr
3+

: Li
+
 NPs were the 

promising materials for WLED’s.  SEM images of the samples prepared by ultrasonication 

method were compared with the normal mechanical stirring shows the formation of 

superstructures with the ultrasonication method. All superstructures were well organized with 

least utilization of energy as the nature prefers.  High surface to volume ratio and 

confinement effects showed the better adherence of these samples on the LFPs and also helps 

to prevent the level-3 (Sweat pores) information of the LFPs.   Based on the above it can be 

concluded that the prepared samples are suitable as dusting powder for LFPs visualization 

and also for anti-counterfeiting application.   
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 Fig.1. (a) Steps involved in the sonochemical process and (b) schematic diagram for the 

synthesis of SrTiO3:Pr
3+

 (1-11 mol %) and SrTiO3: Pr
3+ 

(5 mol%): A
+
 (A

+
: Li, Na, K) 

nanophosphors by ultrasound assisted sonochemical method.  
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Fig.2.Pictorial representation of the (a) visualization of LFPs under 254 nm UV light using 

SrTiO3:Pr
3+

 (5 mol %): Li
+
 (1 wt%) nanophosphor by powder dusting process and (b) 

development process of anti-counterfeiting labels. 
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Fig.3 PXRD patterns of (a) SrTiO3: Pr
3+

 (1-11 mol %), (b) Comparison of PXRD patterns of 

sonochemical and mechanical stirring routes, (c) W-H Plots, (d) SrTiO3: Pr
3+ 

(5 mol%): A
+
 (A

+
: 

Li, Na, K) nanophosphors. 
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Fig.4 (a) Raman and (b) FTIR Spectra of SrTiO3: Pr
3+

 (1-11 mol %) and SrTiO3: Pr
3+ 

(5 mol%): 

A
+
 (A

+
: Li, Na, K) nanophosphors. 
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Fig.5 SEM images of Pr
3+ 

(5 mol %) doped SrTiO3 NPs prepared by the varying ultrasound 

irradiation time (a) 1h (b) 2h (c) 3h (d) 4 h (e) 5 h and (f) Zoomed portion of fig. (e). 
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Fig.6 SEM micrographs of SrTiO3:Pr
3+

 (5 mol %): Li
+
 (1 wt %) prepared with various 

concentrations of bio-surfactant EGCG (a) 5 %W/V, (b) 10 %W/V (c) 15 %W/V (d) 20 

%W/V (e) 25 %W/V (f) 30 %W/V (g) 35 %W/V. 
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Fig.7. Effect of different pH (a) 1 (b) 3 (c) 5 (d) 7 and (e) 9 on the morphologies of the 

product.  
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Fig.8 Effect of ultrasonication power on the morphology of the samples (a) 20 kHz 

(b) 22 kHz (c) 24 kHz and (d) 26 kHz. 
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Fig.9 SEM micrographs of SrTiO3:Pr
3+

 (5 mol %): Li
+
 (1 wt %) prepared using mechanical 

stirring method. 
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Fig.10 Growth mechanism of SrTiO3: Pr

3+
 (5 mol %): Li

+
 (1 wt %) NPs exhibiting flower- 

like hierarchical structures with EGCG surfactant. 
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Fig.11 (a) and (b) TEM images of the optimized SrTiO
3
: Pr

3+
 (5 mol %) NPs and (c) 

Elemental compositions of the sample. 
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Fig.12 (a) PL excitation spectrum of SriO3:Pr
3+

 (5 mol %) NPs under 607 nm emission.                     

(b) PL emission spectra excited at 442 nm (c) Effect of monovalent ions on the PL intensity 

(d) shows the slope of log (I/x) versus log(x) (e) Energy level diagram of Pr
3+ 

ions in SrTiO3 

host. 
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Fig.13 Decay curves of SrTiO3:Pr
3+

 (5 mol %), Na
+
, K

+
, Li

+
 NPs under 442 nm excitation and 

607 nm wavelength emission. 

 

 

Fig.14 (a) CIE diagram and (b) CCT estimated values using the transformation equations. 
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Fig.15 LFPs visualized with various monovalent metal ions (Na
+
, K

+
, Li

+
) on 

aluminum foil surface. 
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Fig.16. LFPs visualization on non-porous surfaces using SrTiO3:Pr
3+ 

(5 mol %): Li
+
 (1 wt%) 

NPs under 254 nm UV light. 
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Fig.17. LFPs visualization on porous surfaces using SrTiO3:Pr
3+ 

(5 mol %): Li
+
 (1 wt%) NPs 

under 254 nm UV light. 
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Fig.18. (a) Fingerprint ridge characteristics visualized on aluminum foil surface and (b) pixel 

profile image and (b) pixel profile showing the fluctuation of red value with ridge (red) and 

furrow (black) over a few papillary ridges indicated by rectangle box (Fig.18a). 
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Fig.19. Visualization of LFPs type of various donors using SrTiO3:Pr
3+ 

(5 mol %): Li
+
          

(1 wt%)  NPs on aluminum foil surface under 254 nm UV light. 
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Fig.20. Comparison of LFPs visualized using SrTiO3:Pr
3+ 

(5 mol %): Li
+
 (1 wt %) with 

commercial powders. 
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Fig.21. Anti-counterfeiting labels visualized under normal and 254 nm UV light. 
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Table.1 The estimated average crystallite size and micro strain values of SrTiO3:Pr
3+

 (5 

mol%) NPs with and without monovalent ions. 

Monovalent 

ions 

(1 wt %) 

Crystallite size (nm) Micro strain 

x 10
-3

 

Scherer’s 

method 

W-H 

plots 
No metal ion 23 30 2.89 

Na
+
 29 23 2.75 

K
+
 30 20 3.13 

Li
+
 33 21 3.40 

 

 

Table.2 CIE chromaticity co-ordinates, CCT values, color purity and quantum efficiency of 

SrTiO3:Pr
3+

 (5 mol %) NPs with and without monovalent ions. 

Sample CIE CCT CCT 

values (K) 

Color 

purity 

(%) 

Quantum 

efficiency 

(%) 
x y u

1
 v

1
 

SrTiO3:Pr
3+

 
(5 mol %)

 0.591 0.416 0.218 0.537 1853 78 67 
Na

+ 
(1 wt %) 0.598 0.401 0.228 0.560 1864 79 73 

K
+ 

(1 wt %) 0.601 0.352 0.223 0.561 1804 82 76 
Li

+ 
(1 wt %) 0.624 0.378 0.261 0.559 1862 85 78 

 

 




