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ARTICLE INFO ABSTRACT

Handling Editor: P. Vincenzini The development of sustainable luminescent inks is attracting increasing attention for applications in security
printing, bio-imaging, and visualization technologies. Rare-earth-doped YPO4 nanophosphors are particularly
promising due to their high efficiency, chemical stability, and well-defined emission features. In this work, we
present a simple and eco-friendly strategy to formulate fully water-based luminescent inks by combining Eu®*:

YPO, (5 mol% Eu>") nanophosphors, synthesized via a microwave-assisted method, with sodium alginate (SA) as
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Sta?)?l?tiy a dispersant and rheology modifier. Different grades of SA were investigated to identify the conditions that
Luminescence optimize both dispersion stability and optical performance. Suspensions containing 2 wt% SA and a Eu®:YPO,/

SA ratio of 1:10 (w/w) exhibited excellent colloidal stability, shear-thinning behavior, and anti-thixotropic
properties. {-potential and photoluminescence analyses confirmed strong interactions between SA chains and
Eu®":YPO, nanoparticles, enabling long-term stability while preserving the characteristic emission of the
phosphor. Notably, the SA matrix contributed to enhanced luminescence in the 350-400 nm range, resulting in a
dual-emission response from both polymer and nanophosphor. These findings provide a clear proof-of-concept
for cost-effective, solvent-free luminescent inks based on environmentally friendly components, highlighting
their potential for future integration in anti-counterfeiting and security printing applications.

Stabilization effect

1. Introduction easy to apply and attractive because they are easily authenticated but
difficult to copy [1-3,8]. When exposed to UV radiation, luminescent
materials emit light at specific wavelengths, generating unique pattern

that can be used for authentication [9]. For these applications, lumi-

Despite the increasing use of information technology to protect data,
physical media such as paper or plastic cards are still of primary

importance for ensuring the validity of money and documents. The study
of new anti-counterfeiting methods for encrypting information on
physical media is therefore a top priority to protect and authenticate
genuine products. [1-3]. Several anti-counterfeiting technologies have
been developed, including watermarks, bar codes, hologram technol-
ogy, thermal imaging, radio frequency identification, laser coding and
fluorescence detection [3-7]. However, many of these approaches are
complicated and/or expensive, limiting their practical application.
Conversely, luminescent anti-counterfeiting inks are inexpensive,
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nescent inks must have high thermal, chemical and photostability,
intense luminescence, good adhesion to substrates, suitable viscosity,
homogeneous dispersions, and low cost. Dispersants such as polymethyl
methacrylate (PMMA), polyvinyl alcohol (PVA), sodium hexameta-
phosphate and polyvinyl chloride (PVC) have been employed [3].
Various luminescent materials - including carbon/silicon quantum dots
[3,10,11], organic dyes [12], metal-organic frameworks [3,13], and
rare-earth doped nanomaterials [3,14,15] have been investigated for
security applications.
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Among these, RE>"-doped YPO,4 phosphors are especially promising
thanks to their bright and long-lasting luminescence, chemical and
thermal stability, especially in their water-free crystal structures, i.e.,
the tetragonal Xenotyme-Y and monoclinic Monagzite phases [16]. They
are widely studied in plasma displays [17], biological labelling [18],
imaging [19], fingerprinting [20] and dosimetry [21]. Furthermore,
some works report their use also in anti-counterfeiting inks [22-25]. For
instance, Zhou et al. dispersed hydrated (Yo 9sEug 05)PO4-nH20 and
anhydrous (Yo.95sEug 95)PO4 particles in PVA medium and obtained films
showing strong red luminescence under UV irradiation [25]. Ningth-
oujam et al. observed the clearly visible colours of YPO4Er®+-yb3+
nanophosphors dispersed in methanol and acetone under 980 nm NIR
light excitation [22]. Saladino and co-workers obtained long-term stable
Eu3+:YPO4 suspensions in PVA-ethanol/water mixtures [23]. More
recently, Kumar et al. developed La/YPO4Eu®t nanocomposites for
both inks in a polyvinyl chloride PVC gold medium and an aqueous
polyvinyl alcohol (PVA) matrix, showing a red-orange colour when
irradiated with a short-wave UV lamp (254 nm) and an atomic line (394
nm) [20]. Despite these promising results, most reported formulations
still rely on organic solvents or synthetic additives, raising environ-
mental and safety concerns [20,23,26]. Fully water-based, cost-effective
inks obtained through simple routes remain rare, as most current sys-
tems incorporate polymers such as polyvinylpyrrolidone (PVP), PVA,
Polyurethane (PU), or others [27-31]. Only a few examples of truly
additive-free, water-based inks have been reported [32-35], under-
scoring the need for more sustainable alternatives. In this context, our
work explores a straightforward strategy based on Eu®*:YPO, nano-
phosphors and sodium alginate to design eco-friendly luminescent inks
for potential anti-counterfeiting applications.

Sodium alginate is a biodegradable, water-compatible poly-
saccharide obtained from brown seaweed [36]. A distinctive feature of
SA is its versatility in forming nanocomposites with inorganic nano-
powders and other bio-based polymers [37-41]. Its structure, composed
of guluronate (G) and mannuronate (M) residues arranged in homo-
polymeric and alternating blocks, bears carboxylate groups that strongly
influence viscosity and gelation behaviour [42]. The G/M ratio, block
distribution, and molecular weight are key parameters determining the
rheological properties of SA solutions [36,43]. Thanks to the wide range
of commercially available grades, SA offers remarkable flexibility in
tuning viscosity, from very low to highly viscous solutions, simply by
adjusting its type and concentration [44]. These features, combined with
its natural origin and biocompatibility, make SA a particularly prom-
ising component for the formulation of eco-friendly, tuneable
anti-counterfeiting inks.

Several studies demonstrated the potential of Sodium Alginate (SA)
in formulation of luminescent inks [9,33,34,45-48]. For example, Xie
[33] and Guo [34] prepared SA-based inks containing silicon nano-
particles that emit blue, green or red colours when irradiated with UV
light; Cruz et al. [9] developed Europium complex inks using SA as the
binder; Mogharbel et al. [45] prepared security inks based on SA
hydrogels with natural pigments; Hossan and Al Nami [46] exploited SA
with long-persistent phosphors; Das and Maity [47] developed multi-
colour and UV-responsive SA inks for use on rewritable paper; Wang
et al. [48] reported afterglow systems containing SA and aromatic car-
boxylic acids. These studies demonstrate the potential of RE3+—d0ped
YPOy as an efficient luminescent phosphor and the versatility of SA in
various ink applications, suggesting promising applications in
eco-friendly anti-counterfeiting inks. Combining the low toxicity of
RE3*-doped YPO4 with the natural abundance and biocompatibility of
SA would provide a cost-effective and environmentally sustainable
method of producing water-based luminescent inks. However, to the
best of our knowledge, no reports in the literature have yet described
anti-counterfeiting luminescent inks that integrate SA with RE>*-doped
YPO, as the phosphor.

Recently, we optimized a MW-assisted hydrothermal process for
preparing Eu>*:YPO4 nanopowders under neutral aqueous conditions
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without using organic additives [49,50]. Indeed, microwave (MW)
irradiation is well-known to promote phase transformation and stabili-
zation in materials [51,52], as well as enhancing processes carried out
under vacuum [53] or in the solid state [54]. In our case, MW-assisted
heating significantly reduced reaction times and yielded nanoparticles
with uniform size and morphology. Furthermore, by adjusting the syn-
thesis temperature, we obtained nanopowders with tuneable
morphology and photoluminescence properties, enabling their optimi-
zation for specific applications [49,50].

The aim of this work was to develop eco-friendly, luminescent inks
for potential anti-counterfeiting purposes. To this end, the dispersion
behaviour of Eu®*:YPO, nanophosphors (5 mol% Eu®") in aqueous
media using sodium alginate as a dispersing agent was investigated for
the first time. Thanks to its polyanionic character and the presence of
carboxylate and hydroxyl groups, SA was expected to interact with the
nanophosphor surface, thereby enhancing colloidal stability and
modulating photoluminescence, both of which are crucial for ink per-
formance. The Eu":YPO, powders were synthesized via a microwave-
assisted hydrothermal route, while different grades and viscosities of
SA were tested. SA suspensions were systematically studied through
rheology, (-potential, and photoluminescence (PL) spectroscopy to
correlate dispersion behaviour with optical response and long-term
stability.

2. Experimental
2.1. Materials

Y(NO3)3 x 6H50 (99.8 %), Eu(NO3)3 x SHy0 (99.9 %), and KH,PO,4
(>98.0 %), were purchased from Sigma-Aldrich (part of Merck KGaA,
Darmstadt, DE) and used without further purification. The four grades of
sodium alginate were used without further purification.

- SA-VLV: Sodium Alginate Very Low Viscosity (Thermo Fisher Sci-
entificc, Waltham, MA, USA), Product number A18565, Lot.
10242904, Viscosity 9 mPas (1 wt% aq. solution, 20 °C);

- SA-LV (1): Sodium Alginate Low Viscosity (Thermo Fisher Scientific,
Waltham, MA, USA), Product number B25266, Lot. 10241968, Vis-
cosity 37 mPas (1 wt% agq. solution, 20 °C);

- SA-LV (2): Sodium Alginate Low Viscosity (MP Biomedicals, Irvine
(CA), USA, >98 %) Viscosity <300 mPa s (1 wt% aq. solution, 20 °C);

- SA-E401: Sodium Alginate E 401 (FarmaLabor, Canosa di Puglia (Bt),
IT, >90 %) at High Viscosity, food grade (food additive E401), vis-
cosity 500-650 mPas (1 wt% agq. solution, 20 °C), manuronic and
guluronic acids, ratio: 1,8-2,2.

Distilled water was used for all the preparations in every operation.

2.2. Preparation of/Eu3+:YPO4 powders

Eu*:YPO4 (5 % mol of Eu) nanopowders were prepared by a MW-
assisted hydrothermal process as described in Ref. [49]. The synthesis
was performed at 200 °C for 20 min, then the powders were washed with
distilled water and recovered by centrifugation. The final white product
was obtained after drying at 70 °C overnight.

2.3. Preparation of SA solutions and SA/Eu>*:YPOy suspensions

Sodium alginate solutions of 1 wt% and 2 wt% were prepared by the
following procedure. SA powders (0.5 g for the 1 wt% solutions and 1 g
for the 2 wt% solutions) were dissolved in 50 mL of distilled water and
the solutions were stirred at room temperature for 48 h. The luminescent
inks were then formulated by incorporating Eu3+:YPO4 nanopowders
into the 2 wt% SA solutions, ensuring a constant Eu>*:YPO,/SA ratio of
1:10. The suspensions were then stirred for a further 24 h.
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2.4. Characterization

A Philips X’Pert PRO diffractometer (now part of Malvern PAN-
Alytical, Malvern, UK) equipped with a fast detector (X'Celerator) was
used for the XRD investigations. The measurement was performed at
room temperature using Cu-ka radiation (A = 1.5405 A) and at 40 kV
and 40 mA in the range 5-90° 20 with a step of 0.008° and a time for step
of 5 s. Phase identification was performed using X’pert HighScore Plus®
software.

TEM studies were carried out by a high-resolution scanning/trans-
mission electron microscope (S/TEM) (Thermo Scientific™ Talos™
F200S) equipped with energy dispersive X-ray spectroscopy (EDS) and
operating at 200 kV acceleration voltage. Well-dispersed nanoparticles
were obtained by sonication of the water (distilled water, Millipore,
Milli-Q® IQ 7000) suspensions for 15 min. The specimens were then
prepared by immersing 200 mesh copper microscope grids coated with
carbon in the sonicated suspension. Finally, the samples were dried and
analysed directly. The mean dimensions and particle size distributions
were determined by measuring at least 350 individual particles in the
TEM micrographs using ImageJ software (version 1.53t). These distri-
butions were then fitted with normal or lognormal functions using the
Origin® program to assess which of the two-fit best, and the best fits are
shown in the figures reported in the SI.

Rheological tests were carried out using a MCR102e rotational
rheometer (Anton Paar, Austria). The shear rheological properties (flow
curve and shear viscosity curve) were measured with a cone/plate CP25-
1 (D = 25 mm; angle 1°) sensor (gap fixed 50 pm). A Peltier plate
temperature device was used both to obtain accurate T control at 25.00
+ 0.01 °C and to avoid solvent evaporation. The suspensions were
introduced on the cone/plate measuring geometry and rest 1 min to
eliminate the residual shear story. The two-step cycle consists of a shear
rate increase from 0 s~! to 1000 s~ ! followed by a shear rate decrease
from 1000 s~ to 0 s~L. This cycle allowed us to qualitatively assess the
time dependence according to the type of hysteresis created by the loop
[55]. The samples were also tested after 30 days to check their stability
over time using the same rheological method.

C-potential was evaluated by using a Malvern Zetasizer ZS Nano in-
strument (Malvern Panalytical, Malvern, UK). 1 ml of the prepared
suspensions was introduced in a 20 ml volumetric flask, which was then
filled with distilled water for the rest of the volume. The concentration of
dilute samples is approx. 0.0001 g/ml, which is claimed optimal to avoid
topological interactions (i.e., overlapping or entanglements) eventually
occurring in the solutions [56]. 1 ml of such diluted solution was then
transferred in a DTS1070 clear disposable Z cell provided by the same
supplier for analyses. The parameters for the measurements were:

- Material: polystyrene latex (R.L.: 1.590, Absorption 0.010);

- Dispersant: water (Viscosity: 0.8872 cP, R.I.: 1.330, Dielectric Con-
stant: 78.5);

- Temperature: 25 °C;

- Model: Smoluchowski;

- Analysis mode: auto mode;

- Equilibration time: 120 s;

- Zeta runs: automatic (generally 12-15);

- Measurement position: 2 mm;

- Attenuator: 6-10.

Three measurements were carried out for each sample and then the
average value was calculated. This average value is the one reported
along this paper for each sample.

PL measurements were carried out on 2 wt% SA solutions and Eu®"':
YPO4/SA suspensions using a CUV Cuvette Holder completely shielded
from the ambient light interfaced via fiber optic to a L280A high in-
tensity LED Ocean Optics laser diode with emission at 280 nm wave-
length and to a QEProFL Ocean Optics spectrometer. Photoluminescence
has been collected at an angle of 90° with respect to the incident laser
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3. Results and discussion
3.1. Chemical and morphological characterizations

The crystalline phases present in the as-prepared nanopowders were
examined. In Fig. 1 the XRPD pattern of the synthesized Eu>*:YPO4 (5 %
mol of Eu) powders is shown. Powders with a single-phase Xenotime-(Y)
tetragonal structure with space group I4;/amd (according to JCPDS: 00-
011-0254), corresponding to anhydrous yttrium phosphate (V), is ob-
tained after 20 min of MW-assisted heating at 200 °C, in good accor-
dance with our previous results [49] and with what is reported in
literature [57] (Fig. 1). No other secondary phases are detected. Similar
results were also reported by Armetta et al. [58], who prepared
Eu-doped YPO4 nanopowders with a tetragonal structure at the same
temperature by means of a conventional hydrothermal method. Peak
broadening, typical of nanosized crystals, can be noticed in the entire 260
range.

Since also the powder morphology is as important as the photo-
luminescence properties in counterfeit inks we investigated the Eu®':
YPO, (5 mol% of Eu®>") nanopowders for morphology and dimension of
primary crystals by TEM observation at different magnifications
(representative micrographs are shown in Fig. 2(a-d)).

Similar to what obtained in our previous work [49], TEM analysis
reveals that the nanopowders are composed of single crystals with a
mixed morphology consisting mainly of elongated nanoparticles,
although some square or irregular ones are also observed. Moreover, the
HR-TEM micrograph in Fig. 2(d) shows a well-resolved interplanar
spacing of ~3.5 A, ascribable to the (200) lattice plane of the Xen-
otime-(Y) tetragonal structure (JCPDS 00-011-0254), in agreement with
results obtained by the XRD analysis. The high crystallinity of the par-
ticles is corroborated by the sharp ring-type selected area electron
diffraction (SAED) pattern shown in Fig. 2(e), which exhibits
well-resolved sharp ring-type lines. The elemental EDS maps and Eu and
Y elemental profiles are displayed in Fig. S1 (b-f) and (g) of the Sup-
porting Information file, respectively. The EDS spectrum of Eu":YPO,
nanopowders is shown in Fig. S1(h) and quantitative EDS analysis of the
sample is reported in Table S1. As evident, only Eu, Y, P and O elements
are detected (C and Cu, being the constituents of the sample holder grid)
and are homogeneously distributed in the grains. Furthermore, the
analysis demonstrates the presence of Eu®' ions, which are well
dispersed within the YPO4 crystalline structure. This finding serves to
confirm the efficacy of the doping process and to exclude any potential

(200)-) —— YPO4 Xenotime-(Y) Ref. Code: 00-011-0254
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Fig. 1. XRD pattern of Eu*":YPO, (5 mol.% of Eu*") nanopowders and relevant

reflection planes labelled with appropriate Miller indices according to JCPDS:
00-011-0254.
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Fig. 2. (a-d) TEM micrographs of Eu3+:YPO4 nanopowders at different magnification. (e): selected area electron diffraction (SAED) pattern on area shown in

Fig. 2(d).

segregation of the dopant. As illustrated in Table S2 and Fig. S2, the
mean values and the particle size distributions in both directions, i.e.
length and thickness, were calculated by TEM micrographs. Further-
more, the aspect ratio (ratio between length and width) was calculated.
The analysis revealed that both length and width exhibited right-skewed
lognormal distributions, with a mean particle length of 44 nm and a
mean particle width of 16 nm. The majority of the particles demon-
strated lengths ranging from 15 to 75 nm and widths from 5 to 25 nm.
This finding suggests a slight preponderance of larger particles over
smaller particles. Conversely, the ratio L/W exhibited a left-skewed
distribution (Pearson IV equation fitted best), with an average L/W of
approximately 3 and the majority of nanoparticles displaying L/W
values between 1.5 and 4. This finding suggests a marginal predomi-
nance of short and wide nanoparticles over long and narrow ones.

As demonstrated in our previous works [49,50], this represents an
intermediate situation within a trend that leads the shape of nano-
particles to become longer and narrower, starting from short and wide
aggregates of smaller nanosticks, which occur as a result of an increase
in both the synthesis temperature and time. The selection of this inter-
mediate state as the focal point of the present study on inks was driven
by the necessity to establish a reference point for rheological measure-
ments and ancillary studies. This reference point could then be utilised
for comparison with the results of future studies, which will focus on the
most "extreme" morphologies.

3.2. Rheological behaviour

Fluids, suspensions included, may be investigated in terms of rheo-
logical behaviour. In the context of Newtonian fluids, the shear stress ()
is directly proportional to the shear rate (7) or strain rate (y), as eluci-
dated by Newton’s equation (1) [59]. The ratio between shear stress and
shear rate is defined as apparent viscosity ().

T=n*y Equation 1

For non-Newtonian fluids, the apparent viscosity is not constant, and
in the specific case of a pseudoplastic or shear-thinning behaviour, the
apparent viscosity decreases with increased stress. This can be described

by the Ostwald model (power law), as supported by other studies [60].

T=Ky" Equation 2
where 7 is the shear stress (Pa), K is the consistency index (Pa-s"), y is the
shear rate s and n is flow behaviour index.

The SA solutions were found to be non-Newtonian fluids, i.e.
exhibiting variable viscosity according to the applied force or flow rate,
and thus displaying shear-thinning rheological behaviour. It is very
important to measure rheological properties for every batch every time,
since the rheological features can vary depending on the specific SA
batch [61]. The present study analysed the rheological behaviour of four
different SA polymer solutions at two concentrations (1 and 2 wt%) in
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order to ascertain the most effective method of preparing suspensions
with Eu®":YPO, nanopowders. The rheology measurements were taken
on freshly prepared solutions and after 30 days in order to evaluate
solutions’ stability.

The results of the apparent viscosities and flow indexes for all solu-
tions and suspensions considered in this study are summarized in
Table 1. The Ostwald model was applied to the SA solutions prepared at
1 wt%, and it was observed that the SA solutions LV (1), LV (2) and VLV
show flow index, n, values between 0.94 and 1.03, indicating that the
effect of SA on solution viscosity is negligible and that the rheological
behaviour is mainly due to the water solvent. Conversely, SA-E401
exhibited a pronounced shear-thinning behaviour with n = 0.67. The
effect of SA concentration on rheological parameters was therefore
investigated by increasing the SA concentration in solutions to 2 wt%.
The resulting solutions exhibited elevated viscosity values and a decline
in the flow index, indicative of a pronounced shear-thinning tendency.
This behaviour is considered favourable in the preparation of inks, and
so a 2 wt% concentration was selected for further data analysis.

The viscosities vs shear rate of 2 wt% SA aqueous solutions are
plotted in Fig. 3: similar to what observed by Rodriguez Rivero et al. all
solutions show a shear-thinning behaviour [62]. This phenomenon has
been attributed to the deformation of the polymer coils and their sub-
sequent alignment in the direction of flow, thereby providing a reduced
resistance to flow as the applied shear rate increases. This is a
well-documented occurrence within the field of polymer science,
particularly in instances where polymeric molecules are present in a
solvent comprising smaller molecules, such as SA solutions at low con-
centrations [63]. A thorough analysis of the viscosity values across all
the curves (Fig. 3) and at the maximum shear rate applied for each SA
grade (Table 1) reveals a clear trend of increasing viscosity in a specific
order: SA-VLV, SA-LV (1), SA-LV (2), SA-E401. This observation lends
strong evidence to support the hypothesis that the rheological parame-
ters are contingent on the type and concentration of SA employed.
Subsequent to a 30-day period, the same samples were tested to ascer-
tain their stability over time using the same rheological method. As
demonstrated in Fig. 3, the SA solutions exhibited a consistent
shear-thinning behaviour, with only a marginal decline in viscosity
values (with the exception of SA-LV (1), as indicated in Table 1). These
data suggest a good dispersion of the polymeric matrix without sub-
stantial settling phenomenon during the storage period. It is noteworthy
that the solutions were not subjected to stirring during the 30-day
storage period.

The time-dependence evaluation, as conducted through the analysis
of the hysteresis loop into flow curves (see Fig. 4), indicates that the
systems demonstrate a slight anti-thixotropic behaviour, a finding that
aligns with the observations reported by Belalia et al. [61].

Table 1
apparent viscosities and flow indices of all samples, both as-prepared and after
30 days.

Sample Apparent Viscosity at Flow index n

1000 s~ ! (mPa.s)’

As After 30 As After 30

prepared days prepared days
SA-VLV 1 wt% 6.08 / 1.03 /
SA-VLV 2 wt% 16.46 16.45 0.891 0.804
SA-LV (1) 1 wt% 18.79 / 0.940 /
SA-LV (1) 2 wt% 74.08 75.07 0.930 0.941
SA-LV (2) 1 wt% 37.30 / 0.948 /
SA-LV (2) 2 wt% 153.22 145.70 0.778 0.851
SA-LV (2) 2 wt% + 159.74 134.85 0.766 0.872

Eu’t:YPO,

SA-E401 1 wt% 69.84 / 0.671 /
SA-E401 2 wt% 243.67 243.57 0.627 0.647
SA-E401 2 wt% + 260.00 235.89 0.583 0.619

Eu®t:YPO,

# The measured data of viscosity are affected by an absolute error of 1 %.
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Fig. 3. Viscosities vs Shear rate for all as-prepared (1d) SA solutions and after
30 days (30d).
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Fig. 4. Flow curves (shear stress vs shear rate) for all as-prepared SA solutions.

Consequently, viscosities exhibit a modest increase in the return curve
(unload) upon decreasing the shear rate after its initial increase, sug-
gesting a reorganization of polymer chains into slightly more robust
structures.

3.2.1. Effect of phosphors

In view of the elevated viscosity values exhibited by the solutions SA-
LV (2) and SA-E401 at 2 wt%, they were considered optimal for their
utilisation in anticounterfeiting inks. These two solutions were thus
further added with Eu®*:YPO,4 nanopowders and the so-obtained sus-
pensions rheologically tested, as before, both fresh and after 30 days.
The analysis of the flow curves by the Ostwald model revealed that the
addition of Eu®*:YPO,4 nanopowders to SA solutions did not influence
their rheological behaviour, as evidenced by the observation of shear-
thinning behaviour in both cases (see Table 1 and Fig. 5). With regard
to the viscosity values interpolated at a maximum shear rate (1000 s’l),
a modest increase is observed for SA-LV (2) (4 %) and SA-E401 (7 %),
thereby confirming that rheological parameters are influenced by the
contribution of the disperse phase. The underlying factors contributing
to this phenomenon may include the volume fraction of particles, the
morphology of the particles, the inter-particle interactions, and the
spatial arrangement of the particles [59].

Comparing the stability values after 30 days (when the suspensions
were kept at rest) it was noted that the flow index increased and the
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Fig. 5. Log Viscosity vs. Log Shear Rate for 2 wt% suspensions of SA-LV (2) (a) and SA-E401 (b), pure and supplemented with Eu®>*:YPO, nanopowders, both freshly

prepared (1d) and after 30 days (30d).

viscosity values decreased slightly. With respect to the SA solutions, the
suspensions added with phosphors are more viscous when freshly pre-
pared, but less viscous after 30 days. This behaviour could be attributed
to an initial stabilization of the suspensions by the phosphors, which
diminishes slightly following some settling of the powders. This phe-
nomenon can be attributed to the absence of agitation during the storage
period, as the suspensions were not stirred.

3.3. {-potential measurements

The prepared solutions of the four different SA grades at 2 wt%
concentration were analysed through {-potential measurements, both
with and without the addition of 0.2 % Eu®*:YPO, nanopowders. This
analysis was conducted both when the solutions were freshly prepared
and after 30 days of ageing, in order to evaluate the stability of the
suspensions. The results of this study are presented in Fig. 6, which
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shows the {-potential graphs for all the prepared solutions at different
times. Table 2 reports the {-average and {-deviation values for all the

Table 2
(-Potential parameters of freshly prepared and aged SA solutions.

Sample C-Ave (z-Dev) (mV)
As-prepared After 30 days
SA-VLV 2 wt% -54.9 (11.7) —33.5(16.7)
SA-VLV 2 wt% + Eu3+:YP04 —63.0 (3.71) —60.4 (4.13)
SA-LV (1) 2 wt% —62.7 (4.32) —55.6 (5.58)
SA-LV (1) 2 wt% + Eu®*:YPO, —63.8 (3.99) —62.3 (3.51)
SA-LV (2) 2 wt% —56.8 (16.4) —60.1 (17.9)
SA-LV (2) 2 wt% + Eu3+:YPO4 —79.0 (4.79) —77.8 (4.28)
SA-E401 2 wt% —83.6 (6.95) -76.7 (7.17)
SA-E401 2 wt% + Eu®*:YPO, —94.9 (4.71) —86.9 (4.48)
b) 300 —SA-LV (1) 30d
—SA-LV (2) 30d
—SA-VLV 30d
—SA-E401 30d

Intensity (KCounts)

250
200
150
100
50
0

-150 -125-100 -75 -50 -25 0 25 50 75 100 125 150
Apparent Zeta potential (mV)

350

300 4
250 A
200 4
150 1
100 A
50 o
0

-150 -125-100 -75 -50 25 0 25 50 75 100 125 150
Apparent Zeta potential (mV)

(=}
~

—SA-LV (1) + PHO 30d
—SA-LV (2) + PHO 30d
—SA-VLV + PHO 30d
—SA-E401 + PHO 30d

Intensity (KCounts)

Fig. 6. {-Potential measurements on a) freshly prepared (1d) SA solutions at 2 wt% conc. b) SA solutions at 2 wt% conc. after 30 days of aging (30d). c¢) freshly
prepared (1d) SA solutions at 2 wt% conc. with the addition of 0.2 wt% Eu®*:YPO, phosphor nanopowders (10 wt% with respect to SA). d) SA solutions at 2 wt%
with the addition of 0.2 wt% Eu®*:YPO, phosphor nanopowders (10 wt% with respect to SA) after 30 days of aging (30d).
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solutions.

The freshly prepared SA solutions manifest predominantly mono-
modal peak profiles, with the exception of SA-LV (2), which exhibits a
multitude of peaks (Fig. 6(a)). Subsequent to a 30-day period, all solu-
tions exhibited multimodal profiles, with the exception of SA-LV (1)
(Fig. 6(b)). It is noteworthy that SA-LV (1) exhibited turbidity and a
trace of precipitate at the base of the vial after 30 days, while the other
solutions remained clear.

The results obtained demonstrate the tendency of all SA solutions to
form numerous species over time in solution, thereby suggesting a
certain degree of instability. It is conceivable that polymeric chains of SA
might rearrange in two or more different clusters with different {-po-
tentials, or partly decompose, for example through hydrolysis [64]. For
specific types of SA (namely SA-VLV and SA-LV (2)), certain peaks fall
below the stability threshold (a suspension is typically deemed stable
when ¢ > |30] mV) [65] both in their freshly prepared state and
following a 30-day period. The (-average potential, however, decreases
for all samples after 30 days (see Table 2).

The only exception is SA-LV (2), which exhibits a high level of de-
viation from the mean. The most unfavourable result overall can be
considered that of SA-VLV, and the most favourable is that of SA-E401.
It is evident that pure SA solutions demonstrate a propensity towards
instability.

In the case of SA solutions that have been augmented with Eu®*:
YPO4 nanopowders, monomodal profiles are exhibited in both freshly
prepared and 30-day aged states. It is evident that the presence of the
nanopowders stabilises all grades of SA, both by preventing the occur-
rence of multiple peaks and by promoting long-term stability. Further-
more, a more negative net {-average value was observed in all cases,
both for freshly prepared and aged solutions (see Table 2), indicating an
additional stabilization effect compared to pure SA solutions.

It is noteworthy that the water-based suspension of Eu3T:YPO,
nanopowders without SA exhibits a negligible negative {-potential of
—17.5 + 4.26 mV (see Fig. S3), thus indicating low stability of the
suspension. Conversely, this peak is not observed in the analyses of SA
+ Eu3+:YPO4 suspensions. This observation indicates the occurrence of
a synergistic interaction between the polymeric dispersant and the
phosphor powders. Consequently, it can be concluded that SA stabilises
Eu®t:YPO, nanoparticle suspensions, and conversely, the nano-
phosphor stabilises SA solutions in a mutually beneficial process.
Nanoparticles stabilization by SA through shifting {-potential to more
negative values is known in literature on sepiolite/magnetite [66],
metal oxides [67], kaolinite [68] polymeric [69] and gold [65] nano-
particles. Authors of these papers account this stabilization to SA
chemisorption to nanoparticles, which expose COO™ and OH groups to
the water layer. Electrostatic repulsion of these functional groups
attached to SA leads to repulsion of the SA-chemisorbed nanoparticles,
leading to higher stabilization. The large difference in {-potential values
is instead given by SA grades, where SA molecular weight and M/G ratio
are the most important factors which determines {-potential value: M/G
ratio in particular was shown to have higher influence on the negativity
of ¢-potential [56].

It is evident that SA-VLV and SA-LV (2) are the SA grades that most
benefit from phosphor stabilization. Without nanophosphors, the
aqueous solutions of these two SA grades exhibit multimodal profiles
with peaks covering a wide range of {-potential. In the case of SA-VLV,
the average (-potential values are particularly low, especially after
ageing (see Fig. 6). However, the addition of the nanopowders leads to a
significant alteration in the profiles, resulting in monomodal distribu-
tions with elevated (-potential average values, particularly for SA-LV
(2), which emerges as the second-most effective SA after SA-E401. The
latter is also moderately affected by nanopowders addition, while SA-LV
(1) is the least sensitive to this treatment (see Table 2).

In conclusion, the inks prepared with SA-LV (2) or SA-E401 + Eu®t:
YPO, are the most stable. This finding, when combined with the
rheology test results, suggests that these two solutions are the most
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promising for the anti-counterfeiting ink applications and were there-
fore selected for PL tests.

3.4. Optical properties

The optical behaviour of the alginate-based inks was investigated by
photoluminescence (PL) spectroscopy (see Fig. 7).

An excitation wavelength of 280 nm was selected because it activates
both the intrinsic emission of the SA matrix and the luminescence of the
Eu®:YPO, nanophosphors. To disentangle their respective contribu-
tions, PL spectra of pure SA solutions were first recorded.

The phosphorescence properties of sodium alginate are well estab-
lished [70]. When excited at 280 nm, the main emission lies in the UV
region (300-400 nm), but a significant band also extends into the visible
range (400-500 nm). This gives sodium alginate (SA) solutions a blue
tint under UV light (see Fig. 8). This behaviour originates from chain
packing effects and electronic interactions between the carboxylate and
hydroxyl groups. These interactions can evolve over time, depending on
the composition and polymer conformation [70]. These effects are ex-
pected to become even more pronounced when nanoparticles are
introduced, as their presence can further influence the organisation of
the polymer and, in turn, its photoluminescence response.

To assess the potential effect of shelf life on the optical properties of
SA solutions, PL measurements were carried out on freshly prepared
solutions and after 30 days. This preliminary test was designed to reveal
possible critical changes over time, since the practical use and process-
ability of alginate-based inks could be limited by stability issues. Fig. 7
(a) shows the PL spectrum of a freshly prepared SA-LV(2) solution and
after 30 days. The freshly prepared solution exhibits the characteristic
emission features of sodium alginate, with a main peak at ~350 nm and
additional bands at ~420, 450, and 480 nm [70]. After storage, the
relative intensities shift towards the UV contribution, with partial
convolution of visible bands, consistent with structural rearrangement
and stabilization of the polymer. Importantly, the overall PL intensity
remained stable after one month, suggesting no critical loss of perfor-
mance. A similar trend was observed for the higher-viscosity SA-E401
solution (Fig. 7(b)), where the UV contribution is more dominant due to
different chain arrangements in solution. Again, only minor spectral
changes occurred over time, while PL intensity was preserved. For
clarity, the insets in Fig. 7(a) and (b) display the 550-750 nm region,
allowing direct comparison of the emission profile of fresh and aged SA
solutions.

Fig. 7(c) and (d) report spectra of SA-LV(2) and SA-E401 containing
Eu3":YPO,4 nanoparticles. In these samples, additional emission bands
appear above 500 nm, corresponding to the characteristic Eu®" transi-
tions (~600 and ~700 nm) [71]. Although these signals are partly
masked by the tail of the much stronger SA emission at ~350 nm, they
clearly demonstrate the contribution of Eu®" to the optical response.
Notably, after 30 days, both SA-Eu®*:YPO, systems showed enhanced
visible emission compared to the freshly prepared solutions. This sug-
gests a reorganization of the alginate matrix in the presence of nano-
particles, which modulates both dispersion stability and the
photoluminescence response, as also supported by (-potential
measurements.

Macroscopically, pristine SA solutions display a blue emission under
UV light (Fig. 8), whereas Eu®":YPO,-loaded inks show a composite
color, combining the blue of SA with the characteristic red luminescence
of Eu®* (Fig. 9). This dual-emission feature demonstrates the unique
properties resulting from the interaction between the matrix and the
nanophosphors, confirming the potential of SA-Eu®*:YPO, systems for
use in anti-counterfeiting applications.

4. Conclusions

In this study, we demonstrated a simple and sustainable strategy to
formulate fully water-based luminescent inks by combining Eu®t:YPO,
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Fig. 7. (a) Photoluminescence spectra of SA-LV(2) pristine solutions as prepared and after 30 days of aging. (b) Photoluminescence spectra of SA-E401 pristine
solutions as prepared and after 30 days of aging. (¢) Photoluminescence spectra of SA-LV(2) + Eu®*:YPO, suspensions as prepared and after 30 days of aging. (d)
Photoluminescence spectra of SA-E401 + Eu*:YPO, suspensions as prepared and after 30 days of aging.

Day-light

SA-LV (2)

SA-E401

UV-light

Fig. 8. Digital photos of prepared SA-LV (2) 2 wt% and SA-E401 2 wt% solutions under irradiation of natural light and UV-light.

nanophosphors with sodium alginate as a dispersant and a rheology
modifier.

Stable suspensions with tuneable viscosity were obtained using just
three environmentally friendly components, highlighting the effective-
ness and environmental compatibility of the approach. Comprehensive
rheological, photoluminescence and (-Potential analyses revealed
strong interactions between the alginate chains and the Eu®':YPO,
nanoparticles, which are responsible for both the colloidal stability and
the preservation of the optical response of the phosphor. The resulting
inks exhibit shear-thinning behaviour, long-term stability, and dual
emission from both matrix and nanophosphors, making them promising

candidates for anti-counterfeiting and security printing.

Our findings provide a clear proof-of-concept for cost-effective, sol-
vent-free, and fully water-based luminescent inks, thus demonstrating a
significant step towards sustainable and practical security inks. Future
work will focus on tailoring rheological properties for specific printing
technologies and assessing performance in real-world authentication
scenarios.
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