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Research Highlights

> Cyan emitting GdAIOs:Ce*" nanophosphors have been synthesized by solution
combustion method.

> The structural, morphological and optical properties of GdAIOs:Ce®*" nanophosphors
are analysed.

» The clear visualization results (Type 1-3) of latent fingerprints and anti-counterfeiting
labels are developed.

Abstract

The marvelous blend of nanoscience and nanotechnology evoke much interest due to their
prospective applications in many fields. They can bridge gap between the nanoscale and
microscale world and afford favourable functions. Among various fields, forensic science
especially latent fingerprints are the substantial evidences due to their characteristic details
and special chemical compositions; hence they serve as identity tool for forensic enquiries as
well as medical diagnosis. Therefore, considerable attention was paid by the researchers to
visualize latent fingerprints. During visualization, background hindrance from the underlying
surface diminishes the visualization sensitivity. Hence, many efforts were attempted to
overcome from the background hindrance, but still need to improve. This exciting objective
stimulating to fabricate novel GdAIO3:Ce®*" (1-9 mol %) nanophosphors by a facile solution
combustion method. The diffraction patterns confirm the orthorhombic phase of the prepared
nanophosphors. The photoluminescence emission spectra exhibit a broad peak centered at ~
466 nm, which attributed to °Dsp—'F; transitions (J = 7/2 and 5/2) of Ce®" ions. The
photometric properties confirm that the prepared samples emit cyan blue color with high
color purity. The optimized sample can be used to visualize latent fingerprints with high
resolution, sensitivity and less background hindrance. Furthermore, type 1-3 details of latent
fingerprints were clearly revealed on various hydrophilic and hydrophobic substrates. These
results indicate that the optimized GdAIOs:Ce** (5 mol %) nanophosphors were considered as
a potential material for latent fingerprints visualization for forensic investigations and anti-
counterfeiting applications.

Keywords: Nanophosphor; Photoluminescence; Latent fingerprint; Anti-counterfeiting;
Photometric properties.
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1. Introduction

Fingerprints (FPs) have long been used as powerful physical evidence to identify an
individual’s unique information [1-3]. FPs have been mostly considered due to its
distinguishing profiles, namely ridge flow (level 1), core, delta, bifurcation (level 1I) and
sweat pore (level Il1) that are distinctive in every individual [4]. Hence, FPs are used as a
vibrant tool for distinguishing individual statistics in crime scenes. Additionally, latent
fingerprints (LFPs) which are invisible to the naked eye, are generally encountered at crime
scenes and therefore require a more accurate visualization technique.

Numerous approaches have been explored to visualize LFPs, such as powder dusting,
multi-metal deposition (MMD), superglue fuming, fluorescent dyes, etc. Among, powder
staining was mostly used visualization method on various surfaces. In order to visualize LFPs
many inorganic nanoparticles, specifically Au nanoparticles [5], semiconductor quantum dots
[6] and magnetic nanoparticles [7] are well documented. However, elaborate preparation
procedures, potential toxicity, destructive nature of visual image and short preservation
time typically hindered their wide applications. Therefore, there's still an immediate need for
rapid, accurate, efficient and non-destructive material for clear visualization and everlasting
steadiness of LFPs [8-10].

Rare earth (RE) ions doped luminescent powders were found to be excellent probes
owing to its fast response time, intense brightness, efficiency, etc. [11-16]. As a result, they
can be considered as most promising materials for LFPs visualization and anti-counterfeiting
applications. Till date, several luminescent powders are used, namely molybdates [17],
vanadates [18], silicates [19], aluminates [20] and phosphates [21]. Among, gadolinium
aluminate (GdAIOz) was considered to be an excellent host due to its high chemical stability,
high melting point, high thermal stability, low thermal expansion, high thermal conductivity

and good transparency to infrared radiation [22].



The widespread counterfeiting of currency, paper documents and certificates has become
a real threat to society, which may influence on social economy and decrease of monetary
value. Thus, anti-counterfeiting of important and valuable items that should not be replicated,
such as brands, luxury items, banknotes, tickets, and certificates was huge task for
companies, governments and customers around the world [23]. From the past decades, many
anti-counterfeiting technologies have been developed, such as magnetic response, plasmonic
security labels and luminescence printing [24]. Among these, luminescence printing offers
advantages in easy handling, high-throughput and facile design. However, the traditional
luminescent materials used in anti-counterfeiting are hazardous to user health due to usage
of poisonous solvents and materials. To overcome from these issues, it's necessary to
develop luminescent materials with high potency, high distinction, high property and non-
toxicity.

In the present work, we report a simple and straightforward technique to synthesize
the cyan emitting GdAIOs:Ce®* (1-9 mol %) nanophosphors (NPs). For the first time we
report the use of optimized GdAIOs:Ce®*" (5 mol %) NPs as a novel fluorescent label for
completely developing whole LFPs. We successfully used GdAIOz:Ce®* (5 mol %) NPs to
clearly visualize LFPs on various hydrophilic and hydrophobic substrates by powder dusting
method.

2. Experimental
2.1. Materials and method

Gadolinium (111) nitrate hexahydrate [Gd(NOz)3-6H20; 99.9 % purity], Aluminum nitrate
nonahydrate [AI(NO3)3-:9H20; 99 % purity], Cerium (Ill) nitrate hexahydrate
[Ce(NO3)3-6H20; 99.9 % purity] were purchased from Sigma Aldrich, India and are used
without further purification. The laboratory made Oxalyl dihydrazide (ODH:C2HeN4O2) was
used as a fuel. De-ionized water was obtained using an ultrafiltration system (Milli-Q,

Millipore). The stoichiometry of the redox mixture used for the combustion was calculated



using the total oxidizing and reducing valences of the compounds. For the synthesis of
GdAIOs:Ce*" (1-9 mol %) NPs, a solution combustion method was utilized. The blue
emitting NPs are fabricated with stoichiometric quantities of the corresponding metal nitrates
as well as fuel are dissolved in de-ionized water and stirred for ~ 30 min on a magnetic stirrer
to get uniform mixture. The petri dish containing redox mixture was introduced into a muffle
furnace maintained at 500 + 10 °C. Initially, the solution boils and undergoes dehydration.
Eventually, the mixture gets decomposed, resulting in the liberation of large amounts of gases
(usually CO», H20 and N2). The whole process was completed in less than 5 min and resulted
in the formation of highly porous GdAIOs;:Ce* (1-9 mol %) NPs. Further, the product was
calcined for ~ 900 °C for ~ 3 h. The balanced chemical reaction assuming complete
combustion of the redox mixture used for the synthesis of GdAIO3:Ce** NPs may be written
as;

Gd(NO,), + Al(NO;), +3C,HN,O,(ODH) — GdAIO, + 6CO, +9H,0 +9N,, ------ Q)
(1-X) GA(NO,), + xCe(NO,), + AI(NO,), +3C,H;N,O, —
Gd,,,Ce,AlO; +6CO, +9N, +9H,0
2.2. Visualization of latent fingerprints
The LFPson various hydrophilic (magazine covers, bank notes and credit cards) and
hydrophobic (stainless steel, scissor, knife, key, etc.) substrates are collected from various
donors. Before stamping the LFPs, the volunteer’s hands were washed thoroughly with soap
water. Then, the optimized GdAIO3:Ce®* (5 mol %) NPs was stained on the LFPs with a light
brushing action. The excess NPs was removed by dusting the substrate surfaces with a gentle,
smooth motion until a FPs image was developed. The developed FPs image
were photographed in situ using a DSLR Nikon digital camera under 254 nm UV light.
Traditionally used powders, such as TiO2 [21 nm, > 95.5 % purity; Sigma-Aldrich], Fe.Oz [<

5 um, > 96 % purity, Sigma-Aldrich] are utilized for comparison of the developed LFPs.



Fig.1 shows the various steps involved in the synthesis of NPs and LFPs visualization by
powder dusting method.

2.3. Fabrication of anti-counterfeiting ink

A standard PVC gold medium (locally fabricated, printing ink manufactured by Commercial
Techno Colors, Ram Nagar, Varanasi-221 005, India) was used to disperse the optimized
GdAIOs:Ce* (5 mol %) NPs. The dispersive medium serves two important purposes, (i) to
disperse NPs into the medium without formation of clusters and (ii) for achieving viscosity
(3000 micro poise), which provides sticky nature with printing paper. In the present work, a
commercially purchased 50 ml PVC gold medium solution and 250 mg of GdAlOs:Ce®* (5
mol %) NPs were taken in a beaker and sonicated for ~ 1 h to obtain clear and transparent
solution. To make a pattern onto paper, we used a dip pen mode of technique for various
designs.

2.4. Characterization

The structural properties of the prepared NPs are analyzed with powder X-ray diffractometer
(PXRD, Shimadzu 7000) with Cuk, (1.541 A) radiation. The morphological properties are
examined by using scanning electron microscope (HITACHI-3000) and transmission electron
microscopy (HITACHI-7500). The Jobin Yvon Horiba LABRAM-HR-Visible micro Raman
system is used for Raman studies with He-Ne laser (~ 632.8 nm) as the source. For PL
studies Jobin Yvon Spectrofluorometer Fluorolog-3 is used with 450W Xenon lamp as an
excitation source.

3. Results and discussion

In a crime scene, visualization of LFPs on hydrophilic and hydrophobic surfaces are highly
difficult due to background hindrance, availability of partial FPs, complex surfaces, etc. [25,
26]. In the present work, we explored the LFPs on numerous hydrophilic substrates, such as
magazine cover, bank notes, master card, plastic sheet, etc. stained with optimized

GdAIOs:Ce** (5 mol %) NPs using powder dusting method (Figs. 2 and 3). Due to the



interaction between substrates surface and the optimized powder, a clear ridge details were
obtained. Fig.4 shows the LFPs visualized on several hydrophobic surfaces, such as knife,
scissor, key and spatula under 254 nm UV light. The obtained results evident that, type 1 and
type 2 ridge details are undoubtedly visualized due to quick physical adsorption of the NPs
by sweat and grease present in the FPs residue. Further, to evaluate the efficiency of the blue
emitting NPs for visualization of LFPs on aluminum foil surface, conventionally used
staining powders, such as FeO3z and TiO, were used as a control (Fig.5 (a & b)). It was
noticed that, the conventional powders could not completely develop the FPs on aluminum
foil. However, the FPs visualized by the optimized fluorescent powder, the minutiae ridge of
the FPs were clearly resolved (Fig. 5 (c)), indicating that the present powder could be used as

an efficient powder for the development of LFPs.

Generally, visualized FPs can be classified into three types. Type -1 provides the
pattern data (arches, loops and whorls), type -2 describes the minutiae characteristics, (core,
bifurcation, delta, bridge, enclosure, island, short ridge, and hook) and type -3 details refer
to the form, number, and placement of sweat pores. This information was used only as a
reference data where partial/blurry type-2 details available [27].

Fig.6 (a) shows the visualized FPs on the aluminum foil surface by dusting the
optimized GdAIOs:Ce** (5 mol %) NPs under 254 nm UV light. As evident from the figure,
the detailed ridge characteristics, including type 1 (whorl) and type 2 (lake, short and long
fork, island, ridge end, bridge, dot and eye) were clearly revealed. In the present case, type-3
details (sweat pores) were undoubtedly observed, which was most adequate information for
individualization. The obtained results evident that the optimized NPs reveal more clear
information, including type 1-3 with high sensitivity and low background hindrance. The

pixel profile of selected portion of the FP was depicted in Fig.6 (b). As can be seen from the



profile, dusted powder loaded only on the ridges (cyan color) owing to its nano sized particles
whereas, it was absent in the furrows region.

Development and visualization of LFPs are a vital task on curved surfaces. In the
present work, a series of experiments were performed on various curved surfaces, namely
soft drink can, pen, spoon, spray bottle, goggle, glass bottle using simple powder dusting
technique (Fig.7). Surprisingly, well defined ridge characteristics could be clearly revealed,
indicating that prepared NPs were highly useful for the visualization of LFPs on complex
surfaces.

Generally, the quality (in terms of sensitivity and resolution) of the LFPs gets
diminishes due to evaporation of water and chemical component in the FPs. As a result, the
identification of authenticated details (type 1- 3) of FPs after aging was quite a difficult task
for the forensic investigators. Hence, we performed aging experiments (up to 30 days) under
room temperature condition (Fig.8). As evident from the figure that, the visualization
sensitivity gradually decreased with extended aging of the FPs, due to the continuing
evaporation of the FPs. However, LFPs aged for up to 30 days could be visualized with well-
defined ridges, signifying that sensitivity of the optimized NPs and developed method was
sufficient for visualization of aged FPs. Tang et al. developed LFPs after staining with Ag
nanoparticles showed unstable and blurred images upon exposure to the moisture [28, 29]. In
the present work, the aged FPs showed intense emission with enhanced ridge patterns,
indicating that the optimized NPs have stable physical and chemical properties under ambient
atmospheric conditions. The superior adhesion to the ridges may be due to the uniform sized
nanoparticles. The fresh FP sweat contains 99 % water, several inorganic salts (such as
chloride and phosphate), and organic materials (such as amino acids, fatty acids, urea, and

polypeptides) [30, 31]. Therefore, the available water, and organic residues adhere to the



NPs. This might be due to the good hydrophilic nature of the GdAIO3:Ce®* (5 mol %) NPs,
which was confirmed by dispersing these materials in aqueous solution.

To determine the efficiency of the prepared NPs, the LFPs on glass surface are
maintained at various temperatures (30 to 55 °C) for ~ 1 h (Fig.9). It was evident that the
detection sensitivity gradually decreases with increased temperature, due to gradual
evaporation of biogenic constituents present in LFPs. In addition, LFPs developed on various
fruits (apple and banana) and vegetables (garlic) using optimized NPs under UV 254 nm light
(Fig.10). The highest visibility was observed on the surface of apple with clear ridge details.
The obtained results signify that prepared NPs and followed method was more sufficient for
visualization of LFPs on various surfaces.

A preliminary investigation of anti-counterfeiting applications of the prepared NPs was
performed by writing various shapes on the white paper by dip pen mode and visualized
under normal and UV 254 nm light. The written images showed superior cyan color emission
under UV light (Fig.11 (a’, b’, ¢’, d’)) and exhibits high concealment makes these NPs are new
outlook for simpler security ink for more reliable anti-counterfeiting applications.

Fig.12 (a) depicts the PXRD profiles of GdAIOz:Ce®" (1-9 mol %) NPs. All the
diffraction patterns are well indexed to pure orthorhombic structure with JCPDS No: 46-0395
[32]. The site substitution of the dopant (Ce®) can be inferred from the knowledge of
percentage difference Dy in ionic radii between doped and substituted ions. The suitable
percentage difference in ionic radii must not exceed 30 %. The acceptable percentage

difference (Dr) between doped and substituted ions was calculated using the formula;

_ Rm(CN)-Rd(CN)
- RmM(CN) (3)

Dy

where CN; coordination number, Rm (CN); ionic radius of host cations and Rd (CN); ionic
radius of dopant ion. The estimated value of D, between Gd** and Ce3* on six coordinated

site was 7 %. This indicates that the dopant Ce3* ions were effectively substituted in Gd®*



sites. The crystallite size (D) of GdAIOz:Ce** (1-9 mol %) NPs were estimated using

Scherrer's relation and Williamson—Hall (W-H) plot method [33];

_ o2 (@)

pcosé

cosd 1 ¢&sindg
B = e 5)

where ); wavelength of the X-rays (1.541 A), B; full width at half maximum value, 0; Bragg’s
angle, k; the constant which depends on the grain shape (0.90). Fig.12 (b) depicts W-H plots
of the prepared GdAIOs:Ce®*" (1-9 mol %) NPs. The estimated ‘D’ values of Ce** doped
GdAIlO3 NPs were listed in Table.1.

Rietveld method was used to estimate the cell parameters using FULLPROF suit
program by making use of the Pseudo-voigt function. Rietveld refinement of GdAIOs:Ce*" (5
mol %) NPs was shown in Fig.12 (c). Further, the corresponding Rietveld refined parameters
of undoped and GdAIO3z:Ce* (5 mol %) NPs are listed in Table.2. Packing diagram was
established using the obtained unit cell parameters and was shown in Fig.12 (d). The fitted
parameters of Rp, Rwp and ¥ are in good agreement with those obtained from PXRD patterns.

SEM studies are performed to analyse the surface morphology of undoped and Ce3*
(2-9 mol %) doped GdAIO3 NPs (Fig.13). It was observed from the micrographs that, the
product contains roundish pores with large voids due to the rapid gas evolution during
combustion. Further, the pores size increases with increase dopant concentration. This type
of porous structure with voids was typical features of combustion synthesis due to escaping
large amount of gases [34]. The pore structure may be related to the nature of solution
combustion synthesis. Similar results were obtained by Kang et al. [35] in combustion
synthesized CeO> nanopowders.

Fig.14 shows the TEM, HRTEM and SAED pattern of GdAIO3z:Ce** (5 mol %) NPs.

TEM images clearly indicate that the particles were observed to be almost spherical in shape



with size ranging from ~ 68 — 100 nm (Fig.14 (a & b)). Lattice fringes with the inter-planar
spacing of ~ 0.33 nm corresponds to the (112) planes were estimated using HRTEM (Fig.14
(c)). The SAED pattern shows several weak Scherrer’s rings corresponding to reflections of
orthorhombic GdAIO3:Ce®*" sample and also indicates the NPs are highly crystalline nature
(Fig.14 (d)). These reflections planes are well matched with PXRD results.

Raman spectra of GdAIO3:Ce** (1-9 mol %) NPs was shown in Fig.15. The spectra
exhibit strong peaks located at ~ 155, 236, 313, 385, 406, 482 and 657 cm ™ [36]. Further,
asymmetric mode was shifted towards the lower wavenumber side, indicating that the
presence of oxygen defects, phonon confinement and variation in phonon relaxation.

Fig.16 (a) shows the excitation spectrum of undoped GdAIOs NPs under 496 nm
emission wavelength. It can be observed from the figure that, the spectrum consists of two
peaks centered at ~ 300 and 361 nm. PL emission spectrum of GdAIOs NPs excited at 361
nm recorded in the range of 350-525 nm at RT was shown in Fig.16(b). The spectra consist
of two prominent peaks centered at ~ 412 and 496 nm, which may due to recombination of
photoexcited holes with electrons occupying the singly ionized oxygen vacancies. In
addition, PL excitation and emission spectra of GdAIO3:Ce®* (1-9 mol %) NPs was shown in
Fig.16 (c & d). The excitation spectrum exhibits a broad band centered at ~ 297 nm in the
range ~ 250-500 nm, which corresponds to transition of 4f’—4f°5d! of Ce3* ions. The
emission spectra excited at ~ 297 nm exhibits an intensive emission band centered at ~ 466
nm (cyan color). The broad band ~ 466 nm can be resolved into two bands centered at ~ 461
nm and 515 nm, which were attributed to °Ds;>—Fs2 and °Ds.—"F2 transitions of Ce* ions
[37, 38], respectively (Inset of Fig.16 (d)). Variation of PL intensity as a function of Ce®*
concentration was studied and shown in Fig.16 (e). The highest PL intensity was endorsed up
to 5 mol % of Ce®* ions. Further, with increase of Ce3* ion concentration after 5 mol %, the

PL intensity diminishes due to concentration quenching. The cause for the concentration



guenching in the present NPs was explained on the basis of critical distance estimated by the

Blasse relation [39];

v 13
Re =2 ——| - (6)
47X N

where, N; number of cationic sites, V; cell volume and Xc; critical concentration. In the
present work, N = 4, V = 207.42 (A)®and X, = 0.05. By making use of these, the value of
Rc was estimated and found to be ~ 9.01 A. The obtained result signifies that the multipolar
interaction was major mechanism for concentration quenching in the prepared NPs.

In order to estimate the type of interactions between the Ce3* ion was determined by

the following relation;

where X; concentration of Ce3* ions, k and B; constants and Q = 6, 8 and 10 for dipole —
dipole, dipole — quadrupole and quadrupole — quadrupole interactions, respectively. The
logarithmic plot of (X) Vs (I/X) (Fig.16 (f)), which gives a linear line with a slope = - 0.8346
and intercept = 7.1880. The estimated Q value was close to 8, indicating that the dipole —
quadrupole interaction was responsible for concentration quenching phenomena.

The CIE (International Commission on Illumination) coordinates of the prepared
GdAIO3z:Ce®* (1-9 mol %) NPs was estimated and shown in Fig.16 (g). From the figure, it
was evident that the color coordinates were located in the cyan blue region. The correlated
color temperature (CCT) was also estimated as described elsewhere [40]. The average CCT
was used to define the color temperature of a light source and it was found to be ~ 7501 K.
(Fig.16 (h)). Generally, CCT value more than 4500 K was referred to as cool, while below
3200 K considered as warm. Therefore, the present GdAIOs:Ce** (1-9 mol %) NPs was
efficient cool blue component for the fabrication of white light emitting diodes. In addition,

color purity (CP) of the obtained samples was calculated based on the relation suggested
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elsewhere [41]. The obtained values of CP of the prepared NPs are given in Table.3. The
obtained results specified that color purity was close to 76 %, indicating that the prepared

NPs are quite useful in the fabrication of solid state lighting applications.

The property of thermal stability was a vital parameter for phosphor for actual
application [42]. Fig.17 (a) shows temperature responded emission spectra of GdAlIO;:Ce®*
(5 mol %) NPs under ~ 297 nm excitation. The duration of thermal treatment for PL spectrum
at each temperature point was ~ 5 min. As observed in Fig.17 (b), the PL intensities slowly
decline with rising temperature, while the PL shape keeps unchanged. The normalized
intensity at ~ 303 K and ~ 423 K keeps 100 % and 66 % of its initial value at room
temperature, respectively (Fig.17 (b)). The activation energy (Ea) of thermal quenching (~
0.34 eV) was obtained by the slope for plots of In[(lo/IT)-1] versus 1/ksT (Fig.17 (c)), which
was higher than many reported Ce®** blue phosphors, i.e. B- NaSrBO3:Ce®* (0.21 eV) [43] and
Bas(BO3)2(B20s): Ce3* (0.19 eV) [44], and confirms the good thermal stability of
GdAIO3:Ce®* (5 mol %) NPs.

The PL lifetime was an important tool which examines the luminescence performance
of the phosphor. Fig.17 (d) displays the decay curve of the optimized GdAIO3:Ce3* (5 mol %)
NPs (excited at ~ 297 nm, monitored at ~ 466 nm). The curve can be well fit by a double-
exponential function as: I(t)=lo+Aexp(-t/t1)+Azexp(-t/t2), where | and I, ; luminescence
intensity at time t and 0. A1 and A; ; constants, t ; time, and 11 and T2 ; decay times for the
exponential components, respectively. Furthermore, the average decay lifetime (tavg) Can be
estimated as follows: Tavg = (ArTai%+ Art?)/(A1ti+ Aztz). The average decay lifetime value
was estimated and found to 0.683 ms, which was short enough for possible application in
displays and lighting region. In addition, the average decay lifetime of GdAlO3:Ce®* (1-9 mol
%) NPs are given in Table.4. As can be seen from the table, the average lifetime values are

found to decrease with increase of Ce3* concentration. The decreasing nature was mainly due



to the non-radiative and self-absorption rate of the internally doped ion which increases when
the activators cross the critical separation between the activator ions and quenching sites [45].

4. Conclusions

Cyan emitting GdAIOs:Ce** (1-9 mol %) NPs were synthesized by solution
combustion method using ODH as a fuel. The PXRD results revealed that the obtained
powder NPs consisted out of a single-phase orthorhombic structure and it also indicated that
the incorporation of the dopants did not affect the crystal structure. Morphological studies
clearly indicate that the prepared particles were almost spherical in shape with size ranging
from ~ 68 — 100 nm. PL emission spectra exhibit a broad band centered at ~ 466 nm (cyan
color). The broad band ~ 466 nm can be resolved into two bands centered at ~ 461 nm and
515 nm, which were attributed to *Ds;—'Fs2 and *Dsp—'Frp2 transitions of Ce®* ions,
respectively. The PL intensity increased up to 5 mol % of Ce®* ions and later diminishes. The
decrease of luminescence with increasing Ce®* was related to a self-quenching of the
concentration effect. The dipole — quadrupole interaction was responsible for concentration
quenching phenomena. The photometric properties evident that the color coordinates were
located in the cyan blue region with ~ 76 % of color purity. LFPs visualized using prepared
NPs evidently revealed sharp ridge characteristics with type 1-3 details, indicating that the
optimized GdAIOs:Ce*" (5 mol %) NPs acts as an efficient medium in order to visualize the
LFPs due to its nano regime and high luminescence intensity. Aforementioned results evident
that the prepared NPs are explored as a multifunctional material in various fields, including

forensic, anti-counterfeiting and solid state lighting applications.
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Fig.1. Schematic representation of various step involved in the synthesis of GdAIO3:Ce3* (1-9

mol %) NPs and LFPs visualization by powder dusting method.



Fig.2. Digital photographs of LFPs visualized by using GdAIOs:Ce** (5 mol %) NPs on
various hydrophilic surfaces under UV 254 nm light.



Fig.3. LFPs visualized by using GdAIO3:Ce3* (5 mol %) NPs on various hydrophilic and
hydrophobic surfaces following powder dusting method.



Fig.4. LFPs visualized by GdAIOs:Ce** (5 mol %) NPs on various hydrophobic surfaces
followed by powder dusting technique.
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Fig.5. Comparison of LFPs visualized using commercial non-fluorescent powders with
optimized GdAIO3:Ce** (5 mol %) NPs on aluminum foil surface.
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Fig.6 (a) Digital photographs of LFPs microstructures (including type I-111) visualized by
GdAIOs:Ce*" (5 mol %) NPs on aluminum foil surface and (b) fluctuations of cyan
value with ridge (cyan) and furrow (black) over a few papillary ridges indicated by
rectangle line shown in Fig.6 (a).



Fig.7. LFPs visualized by GdAIOs:Ce3* (5 mol %) NPs on various curved surfaces, including
(a) Pepsi can, (b) pen, (c) spoon, (d) spray bottle, (e) goggle and (f) glass bottle under
UV 254 nm light.
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Fig.8. Digital photographs of LFPs stained with optimized NPs on the aluminum foil surface
for various periods of time.



Fig.9. Photographed LFPs stained with GdAIOs:Ce®* (5 mol %) NPs stored at different
temperatures.



5mm

Fig.10. Visualized LFPs stained with GdAIOs:Ce** (5 mol %) NPs on various fruits and
vegetable surfaces.
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Fig.11. Anti-counterfeiting labels painted with GdAIOz:Ce®*" (5 mol %) NPs security ink
under (a-d) normal light and (a’- d”) UV light (254 nm).
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Fig.12 (a) PXRD patterns, (b) W-H plots, (c) Rietveld refinement and (d) packing diagram of
GdAIO3:Ce*" (5 mol %) NPs.



Fig.13. SEM micrographs of undoped and Ce** (1-9 mol %) doped GdAIO3 NPs.



Fig.14 (a & b) TEM images, (c) HRTEM and (d) SAED patterns of GdAIO3:Ce®" (5 mol %)
NPs.
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Fig.15. Raman spectra of GdAIO3:Ce®*" (1-9 mol %) NPs.
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Fig.16 (a) Excitation spectrum and (b) emission spectra of undoped GdAIQOs, (c, d) excitation
and emission spectra of GdAIO3:Ce3* (1-9 mol %) NPs. (e) plot of variation of PL
intensity with Ce®* concentration, (f) log (x) vs log (1/x) plot, (g & h) CIE and CCT
diagrams of GdAIO3:Ce* (1-9 mol %) NPs. [Inset: Deconvoluted spectrum of 466

nm emission peak].
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Fig.17 (a) Temperature dependent PL spectra, (b) variation of PL intensity versus
temperature, (c) The plot of linear fitted curve of In(lo/IT-1) versus 1/ksT and (d)
decay curves of GdAIOs:Ce®*" (5 mol %) NPs.



Table.1. Estimated crystallite size of GdAIO3:Ce®* (1-9 mol %) NPs by Scherrer’s and W-H
plots method.

Ce** Conc. Crystallite size (nm)
(mol %)
Scherrer’s W-H plots
method
1 56 54
3 65 60
5 67 63
7 74 71

9 76 73




Table.2. Structural parameters of un-doped and GdAlOs:Ce3* (5 mol %) NPs obtained by

Rietveld refinement.

Compound

GdAIOs

GdAIO3:Ce®* (5 mol %)

Crystal structure
Space group
Lattice Parameters (A)
a

b

c

Cell Volume (A3)
RFactors

Rp

Rwp

Rexp

ZZ

RBragg
Rr

Orthorhombic
Pbnm(No. 62)

5.2580(9)
5.3047(9)
7.4538(8)
207.87(6)

8.68
11.80
12.64
0.732
5.85
5.36

Orthorhombic
Pbnm (No. 62)

5.2536(8)
5.2991(8)
7.4468(9)
207.42(6)

8.54
11.92
13.11
0.714
5.78
5.24




Table.3. CIE, CCT and CP values of GdAIOz:Ce3* (1-9 mol %) NPs.

Ce** Conc. CIE CCT CCT CP
(mol %) < v i v (K) (%)
1 0.169 0.253 0.1185 0.4004 7850 72

3 0.175 0.265 0.1201 0.4092 7459 75

5 0.175 0.263 0.1207 0.4078 7792 83

7 0.165 0.248 0.1175 0.3958 7129 78

9 0.178 0.268 0.1218 0.4121 7275 76




Table.4. PL decay life time of GdAIO3:Ce®* (1-9 mol %) NPs.

Ce?* Conc. Life time parameters
(mol %) Aemi = 466 nm, Aexi = 297 NM
71 (MS) T2 (mMSs) Tavg (MS)
1 0.2454 0.7894 0.7104
3 0.2135 0.7583 0.6783
5 0.1983 0.7932 0.6745
7 0.2084 0.7471 0.6341

9 0.1500 0.7412 0.6275




