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KEYWORDS Abstract Fluorescent photochromism has been applied as an attractive approach for the produc-
Lanthanide-doped alumi- tion of effective authentication substrates to show dual-mode secure encoding. In the current study,
nate; novel photochromic and fluorescent nanocomposite ink was developed to introduce a stamped film
Dual-mode; with strong dual-mode emission for anti-counterfeiting purposes. Inorganic/organic nanocomposite
Photochromism; ink was developed from lanthanide-doped aluminate (LDA) dispersed in poly(acrylic acid)-based
Fluorescence; binder. To produce a transparent film, LDA must be dispersed well in the poly(acrylic acid)-
Security encoding based ink solution. The fluorescent and photochromic nanocomposite ink was stamped effectively

onto cellulose documents followed with thermal fixation. Homogeneous fluorescent and pho-
tochromic layer was stamped onto paper surface providing a transparent look with the ability to
switch to green beneath ultraviolet as illustrated by CIE Lab. The stamped documents were studied
by photoluminescence spectra to show an absorption peak at 364 nm, and fluorescence band at
438 nm. The induced security encoding was transparent beneath visible light turning into visible
greenish-yellow beneath ultraviolet light indicating a bathochromic shift. LDA was synthesized
in the nanoparticle form and characterized by transmission electron microscopy (TEM), X-ray
diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDS). The morphological properties
of the stamped documents were examined by infrared spectroscopy (FTIR), scan electron micro-
scope (SEM), EDS, and X-ray fluorescence (XRF). The stamped paper sheets displayed an effi-
ciently reversible photochromism without fatigue under visible and ultraviolet lights. The
rheologies of the prepared photoluminescent nanocomposite inks as well as the mechanical perfor-
mance of the stamped sheets were investigated.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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counterfeiting. The vital need for the development of a new
generation of high-tech anti-counterfeiting systems has
recently induced extensive research on advanced anti-
counterfeiting materials. The optical property has been
reported as an ideal security element in the anti-
counterfeiting systems due to their ability of being easy-to-
authenticate and hard-to-copy (Azimi et al., 2021; Kumar
et al., 2017; Singh et al., 2017; Wu et al., 2021; Sheng et al.,
2014). The optically active anticounterfeiting materials, like
Plasmonic nanomaterials and quantum dots have been effi-
ciently developed. Those materials usually exhibit small and
uniform particle size as well as high fluorescence efficiency,
proposing great potential in the anti-counterfeiting applica-
tions (Skwierczynska et al., 2020). However, the anti-
counterfeiting optical information in those materials depends
mostly on highly short fluorescence emission leading to serious
background emission interferences from the printing media,
such as banknotes. Thus, the development of efficient materi-
als with long-persistent fluorescence (i.e. phosphorescence) is
quite significant for the preparation of advanced anti-
counterfeiting commodities without background fluorescence
interference (Monica et al., 2021). The improvement of secu-
rity authentication has been recently highly significant chal-
lenge for a variety of documents, like certificates, passports,
banknotes and identification cards. Hence, numerous tradi-
tional authentication techniques were explored like digital,
ink and paper methods. The recent authentication models
included quick responding codes, radio frequency ID cards
and holographic labeling (Muthamma et al., 2020; Yu et al.,
2021). Nonetheless, these authentication models are compli-
cated and costly. Thus, a wide range of photo-responsive mate-
rials, such as upconversion nanoparticles, supramolecular
scaffolds and polymer dots, have been developed to provide
anticounterfeiting inks for printing secure patterns
(Abdollahi et al., 2020). These photochromic materials were
printed as solvent and aqueous formulae onto cellulosic sub-
strates. Photochromism is a light-driven reversible phe-
nomenon between two forms of different colors because
those two forms have different absorbance and/or emission
spectra (Li et al., 2019). Photochromism has been an interest-
ing technology for a variety of of smart commodities, such as
smart packaging, smart displays, optical data storage, memo-
ries, sensors, camouflage for military applications, sunglasses
and ophthalmic lenses. Anticounterfeiting polymer inks were
widely studied owing to their high durable and stable optical
properties. Most of anticounterfeiting polymer inks use poly-
mer nanoparticles able to show excellent optical characteristics
owing to their large surface area and low light reflection (Wei
etal., 2020; Yu et al., 2021). Plugging the printer nozzles due to
agglomeration of those polymer nanoparticles has been a crit-
ical confrontation. Therefore, the development of luminescent
nanoparticles dispersed in a polymer matrix can be described
as an alternative technology toward improved authentication
patterns (Ren et al., 2019).

Organic photochromic dyes, primarily spirooxazine-based
colorants, have been used to create photochromic materials.
Photochromic organic dyes usually suffer a number of draw-
backs, such as molecular degradation, low dye uptake, poor
dye diffusion into the fibrous matrix, increasing the matrix
hardness, poor photostability and high cost compared to inor-

ganic pigments (Yuan et al., 2019). Microencapsulation meth-
ods have been used to solve some of these drawbacks by
turning dyes into pigments. This approach improves the stabil-
ity of photochromic compounds, but it also adds roughness
and stiffness to the treated material. The steric hindrance
caused by molecular switching activity usually results in total
inhibition of photochromis limiting the use of photochromic
organic dyes (Li et al., 2017; Al-Qahtani et al., 2021). With
an extended exposure to light, organic dyes lose their pho-
tochromic and luminous visual properties indicating poor
durability. Photochromic inorganic dyes, on the other hand,
are very stable and inexpensive. Because of their tiny molecular
structure, the inorganic dyes have a fast rate of dye diffusion.
Due to the fact that the emission property relies on an electron
excitation and relaxation process, they do not suffer steric hin-
drance effects making them very photostable and highly dur-
able providing smooth and flexible photochromic surfaces
with high emission quantum yield (Al-Qahtani et al., 2021;
Khattab et al., 2021; Al-Qahtani et al., 2021). Photolumines-
cent inorganic nanomaterials with long-persistent phosphores-
cence have been interesting research due to their significant
uses in many fields, like biological imaging, sensors and
light-emitting diodes. Nowadays, the most common
lanthanide-doped photoluminescent nanomaterials are inor-
ganic phosphors, such as CaAl,O4: Eu?", Nd** and SrAL,Oy:
Eu’t, Dy’" (Ashwini et al., 2021). Lanthanide-doped alumi-
nates (LDAs) have been particularly significant luminescent
pigments that have been widely employed in the preparation
of various photochromic materials, like chemosensors. This
could be ascribed to their quick response, high reversibility,
photo-switchable emission and photostability (Baatout et al.,
2019). LDAs have showed an emissive colorimetric switch
under visible/UYV irradiation. The utilization of LDAs for anti-
counterfeiting purposes has been a growing field owing to their
photostability, durability and luminous efficiency. Many
lanthanide-doped phosphorescent pigments of various colors
have been developed, such as CaAl,O4 Eu?" ,Nd*" for pre-
liminary blue emission, SrALO4Eu®", Dy*" for preliminary
greenish emission, and CaS: Eu?" , Tm**,Ce*" for preliminary
red emission (Hu et al., 2018; Abdelhameed et al., 2021; Zhang
et al., 2020). However, LDAs have been distinctive materials as
a result of their unique features, such as photostability, non-
toxicity, non-radioactivity, high brightness, recyclability and
thermal stability. Thus, the preparation of UV-induced pho-
tochromic and fluorescent LDA-containing nanocomposite
inks is a smart strategy toward the preparation of cheap anti-
counterfeiting materials with high durability (Ma et al., 2019).
Those features open new horizons to develop authenticated
merchandise of high efficiency and stability. Nonetheless, the
particulate mold technique of photoluminescent substances is
a typical method as it limits their applications. Therefore, the
nano-sized particles of photoluminescent substances have been
integrated into various inorganic/organic materials to defeat
the weak mechanical performance of the developed
LDA-immobilized films (Calderon-Olvera et al., 2018).
Poly(acrylic acid) (PAA) is a colorless and hygroscopic
homopolymer derived from free radical polymerization of
acrylic acid. PAA has been used in a diversity of products like
superabsorbent, cosmetics, floor cleaner, disposable diapers,
detergent and dispersing agent. The neutralized PAA organo-
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gels have been appropriate biocompatible matrices for phar-
maceutical purposes, such as skin care products. Thus, PAA
could be employed as a proper supporting substrate for the
development of nanocomposite inks immobilized with LDA
nanoparticles (Melo et al., 2018; Aminyan and Bazgir, 2019).
Khattab et al. reported recently various studies on the prepa-
ration of photochromic textile fibers immobilized with LDA
(Khattab, 2020).

Herein, we have successfully prepared a series of color
tunable and photostable nanocomposite inks from different
concentrations of LDA nano-scale particles dispersed in a
medium of polyacrylic acid to function as an authentication
stamp for a variety of products, such as documents, certifi-
cates, passports, banknotes and identification cards. The
prepared  fluorescent and  photochromic  dual-mode
nanocomposite inks demonstrated different optical proper-
ties relying on the applied ratio of LDA nanoparticles.
The stamped film demonstrated transparent appearance
beneath visible light and long-lived photoluminescent green
color beneath ultraviolet supply. Therefore, the stamped
paper is protected from scratching and erasing, and replace-
ment with other counterfeiting composites. The dual-mode
fluorescent photochromism based authentication composite
ink was developed by admixing poly(acrylic acid) as
crosslinkable binder matrix with LDA nanoparticles as the
photochromic agent. The thermofixation process was
applied to crosslink the poly(acrylic acid) binding agent to
generate thin film on the document surface with the LDA
nanoparticles entrapped within this film. The morphologies
and chemical structures of LDA particles were evaluated
by TEM and EDXA, respectively. On the other hand, the
morphologies, elemental contents and optical activity were
explored by different analytical techniques, including SEM,
EDXA, photoluminescence spectra and CIE Lab studies.
The rheologies of prepared nanocomposite ink and mechan-
ical performance of the stamped papers were also explored.
The stamped films demonstrated ultraviolet-induced dual-
mode photochromic and fluorescent phenomenon, which
has been suitable technology to offer anti-counterfeiting
security patterns with green-yellow shade beneath UV
source without trace underneath visible light. The present
approach can be described as an efficient technique to pro-
duce many authentication commodities with strong optical
dual-mode photo-responsiveness toward a better market-
place to avoid counterfeit and poor commodities that have
been a threat to society.

2. Experimental details

2.1. Chemicals and materials

The synthesis of LDA (SrAlL,O4: Eu®*, Dy*") was carried out
using previous procedure (high temperature solid state
method) (Abumelha, 2021) starting from Sr(II) carbonate
(Aldrich), Al(IIT) oxide (Merck), boric acid (Merck), Dy(III)
oxide (Sigma-Aldrich), and Eu(IIl) oxide (Merck). Poly(acrylic
acid) binder additive was obtained from Dystar, Egypt. An
off-white Wahttman paper sheets (Sigma-Aldrich) were
applied as documents for the stamping process of patterns.
Wahttman paper exhibiting a pore size of 11 pm was
employed.

2.2. Methods and apparatus

Photoluminescence spectra of the stamped samples were stud-
ied with JASCO FP6500 (Japan) coupled to phosphorescence
accessories to study decaying time. Decaying was investigated
by irradiation for 15 min by an ultraviolet supply which was
blocked-up using a blockade to allow collecting the results.
An external ultraviolet source (6 Watt) was employed as an
external illumination supply at 365 nm. JEOL 1230 TEM
(Japan) was employed to inspect the morphology of LDA par-
ticles using a dispersion of LDA in acetone previously homog-
enized (35 kHz) for 15 min. XRD diagram of LDA was
inspected on Bruker Advance D-8 (Germany) utilizing copper
(Ko) radiation (1.5406 /OX). Infrared spectral curves were
reported using Nexus 670 (Nicolet, United States). Both mor-
phologies and elemental contents of LDA as well as the
authentication films stamped onto paper surface was studied
on SEM Quanta FEG250 (Czech Republic) connected to
TEAM-EDXA mapping. The chemical contents of the authen-
tication films stamped onto sheet surface were also evaluated
by advanced sequential AXIOS XRF. The rheological perfor-
mance of the nanocomposite ink was evaluated by DVIII
Brookfield Rheometer to determine viscosity upon changing
shear rate. The mechanical properties of the stamped paper
sheets at different concentrations of LDA nanoparticles were
studied on Zwick-Universal (load cell of 100 N). Triple Roll
Mill ES80 was applied to crush LDA microparticles into
nano-scale particles (1626 nm).

2.3. Synthesis of LDA nano-scale particles

The synthesis of LDA (SrAL,O4: Eu?", Dy*") was performed
using the high temperature solid state method (Abumelha,
2021). A dispersion of Eu(III) oxide (0.02 mol), Sr(II) carbon-
ate (1 mol), Dy(III) oxide (0.03 mol), aluminium oxide (2 mol),
and boric acid (0.2 mol) in ethanol homogenized (35 kHz) over
30 min, exposed to heat at 90 °C for 22 hrs, and grinding over
2 hrs. In a reduction carbon atmosphere, the generated adduct
was sintered at ~ 1300 °C over ~ 2.5 hrs, subjected to milling
and sieving to provide microparticles of LDA (13-34 um).
LDA nanoparticles were developed using the top-down tech-
nique (Garrigue et al., 2004) by charging 10 g of LDA powder
into a vial of ball mill (20 cm) attached to an oscillating disc.
SiC ball mill (0.1 cm) was subjected to persistent collisions with
both vibrating disc and vial containing LDA powder for 24 hrs
to afford LDA nanoparticles.

2.4. Preparation and application of inks

An admixture of diammonium phosphate (1 % w-w) as a dis-
persing agent, NH4OH (1 % w-w) to adjust pH of solution,
and poly(acrylic acid) as a binding material (15 % w-w) was
dissolved in distilled water (83%). The solution was exposed
to mechanical stirring over 30 min to allow a homogeneous
dispersion. Several solutions were then developed from the
above prepared solution by dispersing different quantities of
LDA nanoparticles, including zero, 0.05, 0.10, 0.25, 0.50,
0.75, 1.00, 1.25 and 1.50 % w-w. The admixtures were sub-
jected to continuous stirring for 30 min, and then exposed to
ultrasonic (25 kHz) over 60 min to achieve uniform dispersion.
The nanocomposite inks showed an off-white viscous milky
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fluid. The nanocomposite inks were directly stamped onto
paper sheets using a wooden stamp. The stamped sheets were
air-dried for 5 min, and then subjected to thermal fixation at
145 °C over 3 min. The developed stamped sheets were abbre-
viated by symbols from Stamp-0 to Stamp-8, respectively.

2.5. Reversibility and durability

The stamped sheet was exposed to ultraviolet light source
(365 nm; 5 min) at 5 cm above the sheet. The sheet was then
inserted into a dark wood box for 15 min to recover its origin
state. The above procedure was performed a number of cycles,
and the luminescence spectra were recorded for every cycle.

2.6. Colorimetric studies

To investigate transparency and colorimetric switching, both
K/S and CIE Lab of the stamped films were evaluated before
and after exposure to ultraviolet light using UltraScanPro
(Hunter Lab, USA). The optical transmittance of the stamped
films was examined by ultraviolet—visible HITACHI U-3010.
Photographic images of the stamped paper sheet were obtained
by Canon A710IS.

“ (Z /,).w

N {’
1"71 3snm
71 )

Fig. 1

3. Results and discussion

3.1. Preparation of photochromic stamp

LDA was prepared according to previous literature
approach (Abumelha, 2021). The generated LDA powder
demonstrated a micro-scale size (13-34 pm); thus, the top-
down approach was utilized to give the desired LDA
nano-scale particles (Garrigue et al., 2004). LDA was stud-
ied by TEM and selected area electron diffraction to signify
diameters of 1626 nm as illustrated in Fig. 1. Different
quantities of LDA nanoparticles were then admixed with
separate solutions of low molecular weight poly(acrylic acid)
dispersed in distilled water to give viscous mixtures. Poly
(acrylic acid) was employed as a binding agent. Diammo-
nium phosphate acted as a dispersing agent, whereas ammo-
nium hydroxide was added to adjust pH of solution. The
mixtures were subjected to continuous mechanical stirring
and strong homogenization to warranty a consistent disper-
sion. The developed nanocomposite inks exhibited an off-
white milky solution. The nanocomposite inks were applied
directly onto the cellulosic sheet by a wooden stamp, and
then subjected to thermofixation at 145 °C.

217 .80nm

TEM graphs of LDA nanoparticles.
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The chemical composition of LDA was proved by EDX
and elemental mapping to indicate high purity as shown in
Fig. 2a-b. XRD diagram of LDA nanoparticles (Fig. 2c)
demonstrated pure LDA signals matching with the monoclinic
SrAl,O4 (JCPDS card number. 74/0794) to designate low tem-
perature monoclinic phase of LDA nano-sized particles
(Khattab et al., 2021). No other crystalline phases were
detected that both Eu?>" and Dy*" are completely embedded
in the crystal lattice of SrAl,O, (Khattab et al., 2021; Devi
et al., 2020). This also verified that the low lanthanides ratios
had no effect on the SrAl,O4 phase composition.

3.2. Morphologies of stamped sheets

Smart products are known as materials with the ability to
switch their properties, such as color, responding to an exter-
nal stimulus, such as light. Photochromic composites have
been reported as intelligent materials with the ability to change
their colors in response to light. Photochromic-based authenti-
cation of documents has attracted much interest due to its
promising applications, such as passports, national identifica-
tion cards and banknotes. The utilization of nano-scale phos-
phor particles results in an enhanced homogeneous dispersal of
LDA particles within poly(acrylic acid) film bulk stamped onto
paper sheet (Atta, 2021). Fig. 3 and Table 1 demonstrate the

morphologies and elemental compositions of the stamped pho-
tochromic film onto paper sheets. SEM images showed an effi-
cient deposition of LDA nanoparticles onto paper surface. The
stamped samples displayed no main differences with increasing
LDA ratio. However, the amount of LDA particles between
fibers of paper morphological structure was found to increase
with increasing LDA in ink formulations. SEM proved an effi-
cient homogeneous dispersal of LDA onto paper surface,
which could be ascribed to the coordination binding of alu-
minium as an elemental component of LDA with the hydroxyl
oxygen electrons lone pairs of electrons of cellulosic structure.
LDA nanoparticles were approximately between 16 and
26 nm, which resulted in a homogeneous dispersion in the
ink composite; and consequently a homogeneous distribution
onto paper surface. The ammonium hydroxide aqueous solu-
tion provides an alkaline environment to cellulose to facilitate
the dissociation of the hydroxyl substituents to generate a neg-
atively charged cellulose surface. Therefore, the positively
charged pigment can be easily attracted by the negatively
charged paper surface. In comparison to blank sheet, no phys-
ical changes were detected on the stamped paper. Additionally,
both EDX and elements maps proved a consistent distribution
of LDA within PAA layer stamped onto paper sheet (Table 1).
Both carbon and oxygen demonstrated major contents because
they are major constituents in paper sheets as well as PAA. On
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Fig. 3 SEM graphs of Stamp-1 (a), Stamp-5 (b) and Stamp-8 (c); the density of LDA nanoparticles on the paper sheet surface increases
with increasing the ratio of LDA nanoparticles in the ink formula.

the other hand, Al, Sr, Dy and Eu displayed the minor con-
tents of the stamped layer.

The elemental contents and distribution were evaluated by
EDX at three different areas on the surfaces of both
unstamped and stamped paper sheets (Table 1). EDX proved
the elemental contents of paper sheets indicating that carbon

Table 1 Elemental compositions of stamped documents
inspected by EDX at three different areas (a;, a, and as3) on
the paper surafce.

and oxygen are the major contents, whereas aluminum, stron- Sheet C (O) Al Sr Eu Dy
tium, europium and dysprosium are the minor contents of the Stamp-0 51.15 4885 0 0 0 0
stamped documents. The elemental ratios at the three scanned Stamp-1 a; 51.12 4746 077 044 0.13  0.08
areas were approximately identical to verify even spreading of a, 5143 4711 083 037 016 0.10
LDA on the stamped sheet surface. XRF was also employed to a3 5137 4718 070 053 0.15  0.07
find out the elemental ratios of the stamped sheet as indicated Stamp-5 a; 5024 4754 1.03 062 035 0.22
in Table 2. EDX is an appropriate analytical approach to iden- a; 5033 4740  L11 058 039 0.19

a;  50.29 4746 1.02 075 032 0.16
Stamp-8  a; 49.05  47.80 145 095 044 031
a, 4930 4754 1.57 0.86 048  0.25
ay 4928  47.57 1.43 1.02 046 024

tify the chemical compositions with extremely low errors. On
the other side, XRF provides an elemental identification
approach as low as 10 mg/kg (Carmona et al., 2010). Thus,
XRF offers an incomplete detection of elements. XRF of the
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Table 2 Chemical composition of stamped documents as
reported by XRF.

Analyte Oxide Elemental ratio
Stamp-1 Stamp-4 Stamp-6 Stamp-8

Ca CaO 8.12 7.82 6.93 5.93
Al ALO; 39.25 40.86 43.56 45.69
Sr SrO 17.63 18.71 21.40 22.81
Mg MgO SiO, 7.56 6.97 5.65 4.94
Si Cl 9.19 8.87 7.58 6.95
Cl Na,O 6.43 5.94 4.75 4.37
Na K,0 6.48 5.99 5.88 5.46
K 5.34 4.84 4.25 3.85
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Fig. 4 Infrared spectra of stamped paper sheets.
stamped sheets detected the existence of Sr and Al; however,
the very low ratios of Dy and Eu were not detected. The chem-
ical content of the stamped paper sheets tested by EDX and
XRF were in agreement with the percents used in the prepara-
tion of LDA and luminescent sheets. The mapping micro-
graphs proved both chemical compositions of the stamped
sheets and the uniform distribution of LDA onto the lumines-
cent stamped sheets.

Infrared analysis has been one of the most spectroscopic
techniques used to study the functional groups on an organic
material. Herein, infrared analysis was employed to examine
the binding mechanism of the luminescent composite ink onto
the paper sheet as illustrated in Fig. 4. Cellulose is a natural

biopolymer bearing hydroxyl groups proved by the band
detected at 3328 cm~'. The aliphatic substituents were proved
by the band at 2922 cm ™. After the thermal fixation of LDA-
integrated into poly(acrylic acid) layer deposited onto the
paper surface, a strong binding occurs between the hydroxyl
groups on cellulose and the carboxylic groups on PAA binder.
An absorbance band was monitored at 1723 cm ™' for carbonyl
ester of PAA (Hill et al., 2019). The hydroxyl intensity moni-
tored at 3309 was found to decrease after stamping owing to
formation of ester bonding among the carboxyl substituents
on PAA and the hydroxyl groups on cellulose. The aliphatic
stretch intensity monitored at 2922 cm~! was monitored to
decrease with increasing LDA. Likewise, the aliphatic bending
band reported at 1245 cm™ ! also decreased with increasing the
ratio of LDA (Khattab et al., 2019). Additional bands were
observed at 431, 644 and 714 cm™' due to the lattice vibrating
bonds of SrO, OAIO and AIO (Hameed et al., 2021),
respectively.

3.3. Photochromism studies

Facile technology was developed for the production of smart
authentication stamp with the capability to change color
beneath ultraviolet rays. Photo-responsive nanocomposite
ink was synthesized using lanthanide-doped aluminate
nanoparticles, poly(acrylic acid) binder, diammonium phos-
phate and ammonium hydroxide. LDA functioned as filler
within the poly(acrylic acid) binding agent which functioned
as a trapping bulk which crosslinked on the paper surface by
thermal fixation. The stamped paper sheets displayed reversi-
ble luminescence. However, the stamped sheets with LDA con-
tent higher than 0.75% showed slower reversibility (i.e.
phosphorescence) compared to the stamped sheets with LDA
content lower than 0.75% (i.e. fluorescence). Thus, the
stamped sheets with LDA content higher than 0.75% exhibit
long-lived phosphorescence. All stamped sheets exhibited the
same emission at 438 nm, which is extremely less than that
of LDA powder (519 nm) (Al-Qahtani et al., 2021). Stamp-0
demonstrated an off-white shade acting as an efficient back-
ground improving the naked-eye recognition of the pho-
tochromic effect (Fig. 5). Testing of the stamped sheets
demonstrated an off-white shade similar to Stamp-0 beneath
daylight and greenish-yellow beneath UV supply, which can
be identified as a dual-mode secure fluorescent
photochromism.

The strength of the LDA emission intensity has been previ-
ously reported as a concentration-dependent phenomenon
(Khattab et al., 2021). This was proved with the increased exci-
tation energy with increasing LDA ratio (Fig. 6a). All stamped

Fig. 5 Photochromism of Stamp-5 displaying colorimetric exchange from off-white beneath daylight (a) to weak green color beneath
ultraviolet supply (b; 254 nm), strong green color beneath ultraviolet supply (c; 365 nm), and greenish-yellow for a few seconds in a dark

wooden box (d).
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Fig. 6 Excitation spectra of some selected stamped sheets with
different rations of LDA (a); and emission curves of Stamp-5
versus the irradiation time from 10 to 30 s (b).

sheets exhibited an instant and reversible photochromism
beneath ultraviolet supply. However, the stamped sheets with
low LDA content equal to or less than 0.75% developed a
quick reversibility indicating fluorescence emission. The sheets
with LDA ratio higher than 0.75% developed long-lived phos-
phorescence owing to their slow reversibility. Therefore,
Stamp-5 displayed the strongest fluorescent photochromism
in comparison to samples with low LDA content which dis-
played weak greenish-yellow emission.

Thus, according to the photochromic results, Stamp-5 rep-
resents the best fitting (optimized) composite ink. The emission
spectra were studied against the irradiation time. As illustrated
in Fig. 6b, strong absorbance band was observed in the ultra-
violet range at 364 nm due to Eu®>". The emission peak was
detected at 438 nm due Eu®>' proving a total exchange of
Eu’" to Eu?t (Khattab et al., 2020). Therefore, the emission
spectra are assigned to 4f°5D! — 4f7 transition of Eu®>" prov-
ing that the light absorbed by Dy>" was transfered to Eu®"
(Abumelha, 2021). The key purpose of Dy** is to promote
the formation of traps to release the stored light under dark-
ness leading to relaxation of Eu?" to the ground state
(Abdelhameed et al., 2021). The gradual increase of the irradi-

Fig. 7 Decay time profiles of stamped sheets; Stamp-1 and
Stamp-8.

ation time results in gradual increase of the emission intensity
at 438 nm associated with a band shift to 418 nm. The excita-
tion intensity was also monitored to increase with increasing
the ratio of LDA to indicate a greener color. Similarly, the
emission intensity increased with increasing the irradiation
time to indicate a greener color. Decay time profile displayed
a nonlinear relation against time demonstrating initially quick
decay followed by slower decaying as illustrated in Fig. 7.

The resistance to fatigue and photostability of the stamped
paper sheet (Stamp-5) were assessed by running a repetitive
process of irradiation with ultraviolet supply and then expo-
sure to darkness for several cycles as illustrated in Fig. 8.
Stamp-5 was exposed to UV to show a greenish color, and
after that exposed to darkness to regain back its native off-
white color. The fluorescence intensities were recorded for each
round to prove approximately the same magnitude verifying
high photostability and resistance to fatigue.
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Table 3 Colorimetric screening of blank and stamped sheets at different conents of LDA beneath ultraviolet (UV) and daylight (DL).

Sheet K/S a* b* L*
DL uv DL uv DL uv DL uv

Stamp-0 1.18 1.26 0.04 0.09 1.37 1.48 93.07 93.18
Stamp-1 1.32 1.93 —1.67 —7.21 1.71 4.65 92.60 89.23
Stamp-2 1.46 2.06 —1.56 —7.89 1.82 4.43 92.41 86.78
Stamp-3 1.59 2.74 —1.52 —8.43 2.05 6.53 92.25 84.65
Stamp-4 1.72 3.42 —1.48 —10.00 2.36 8.31 91.77 83.34
Stamp-5 1.89 3.80 —1.36 —11.40 2.48 9.55 91.28 81.06
Stamp-6 2.07 4.05 —1.31 —13.68 2.57 10.58 90.43 79.68
Stamp-7 2.20 4.57 —1.27 —14.30 2.62 10.66 89.65 77.84
Stamp-8 2.38 491 —1.15 —16.58 2.79 11.73 89.14 74.89

3.4. Colorimetric results

Colorimetric properties were studied to evaluate pho-
tochromism of the stamped paper sheets. The color switch
under visible and ultraviolet lights was studied by CIE Lab
parameters as displayed in Table 3. Both blank and stamped
sheets possessed the same off-white color to prove the deposi-
tion of a transparent photochromic film onto the paper sur-
face. Both blank and stamped sheets demonstrated no
significant changes in CIE Lab and K/S with increasing
LDA to verify transparency of the photochromic film depos-
ited onto the stamped sheets. This can be ascribed to the extre-
mely low quantities of LDA immobilized into the stamped
film. Slight changes were observed in K/S beneath UV light
in comparison to daylight vision. Nonetheless, L* decreased
upon exposure to ultraviolet light to indicate a chromogenic
exchange from off-white to greenish-yellow. The low -a* and
low + b* increased beneath ultraviolet rays. The increased -
a* signifies a colorimetric switch to green. The
increased + b* signifies a colorimetric switching to yellow.
Therefore, the stamped sheets instantaneously switched their
colors from off-white to greenish-yellow beneath ultraviolet
supply. Additionally, the stamped sheets showed higher a* in
comparison to b*. This can be ascribed to the high contribu-
tion arising from the greenish hue in comparison to the contri-
bution of yellowish hue. L* decreased, whereas K/, a* and b*
increased under ultraviolet light with raising LDA to denote
increasing the ratio of the green color.

3.5. Mechanical and rheological properties

The rheological properties of the nanocomposite ink (Stamp-5)
were investigated as shown in Fig. 9. The composite ink was
not highly thick because its flowing plot was found to best fit-
ting Newton’s law. The viscosity was monitored to decrease
rapidly and linearly with increasing the shear rate. The viscos-
ity decreased quickly to reach equilibrium at low and high
shear rates.

Compared to Stamp-0, tensile and Young’s modulus of
Stamp-1 decreased close to strain percent because Young’s
modulus relies on strain/tensile. PAA binding agent as a main
constituent of composite ink stamped on paper sheet demon-
strated adhesion and elasticity on the stamped sheet to prove
an enhanced strain percent. Fig. 10 demonstrates the mechan-
ical properties of stamped sheets at various ratios of LDA.

Young’s modulus and Tensile increased upon elevating LDA
ratio from Stamp-0 to Stamp-6, and then continue nearly with
the same value with raising LDA ratio from Stamp-6 to
Stamp-8. This could be attributed to the increased spaces
between fibers owing to coagulating LDA particles. However,
negligible variations were observed in strain percent at break
with increasing LDA ratio due to the interfacial cross-linking
among the positively charged LDA and negative charges of
cellulose surface. The negative charges on cellulose were
formed via deprotonation of the hydroxyl group upon curing
with NH4OH. Thus, the inclusion of LDA improved the
crosslinking process between fibers (Abdelhameed et al., 2021).

4. Conclusion

Novel dual-mode fluorescent and photochromic nanocompos-
ite ink was stamped onto cellulose sheet was developed to
demonstrate a chromogenic switch from off-white beneath
sunlight to green-yellow beneath UV supply. Lanthanide-
doped aluminate phosphor nanoparticles were established to
be a practical material to assemble nanocomposite ink for
dual-mode secure anticounterfeiting stamp. The present strat-
egy can be used to produce facile and cheap authentication
stamp with high durability, photostability and good mechani-
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Fig. 9  Viscosity of composite ink against shear rates.
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Fig. 10  Effects of LDA content on mechanical activity of stamped sheets.

cal properties. The nanocomposite ink was developed by mix-
ing the lanthanide-doped aluminate phosphor with a poly
(acrylic acid) binder to fasten the phosphor particles onto
the sheet surface. The best fluorescent photochromism was
assigned to the stamped sheet with LDA ratio of 0.75%, which
demonstrated the highest green fluorescence. The stamped
sheets showed absorbance at 364 nm and fluorescence wave-
length at 438 nm. Transparency of stamped layer was accom-
plished by allowing homogeneous distribution of the pigment
nano-scale particles within the bulk of the binding agent.
The morphology of pigment was verified by EDX, XRD and
TEM to display a particle size of 16-26 nm. The stamped
paper sheets were studied by SEM, EDX, XRF, IR, lumines-
cence spectra and CIE Lab parameters. Under visible daylight,
the composite films exhibited a transparent appearance on the
off-white documents. Those composite films developed a dual-
mode fluorescent photochromism by changing color to
greenish-yellow beneath ultraviolet light. In this context, the
current anti-counterfeiting transparent composite film can be
easily applied onto a diversity of commercial commodities,
such as banknotes and brand protection.
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