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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Commercial zeolites are crystalline aluminosilicate materials with high surface area and porosity which can be

used in several applications. This study aims at adding luminescent functionality to the zeolite network, either

Keywords: enabling optical monitoring of the capturing process or towards the development of efficient light-emitting
Ze"ht? materials. Two representative commercial zeolites were chosen: 5A and 13X, adding europium (Eu®*") by an
Europium ion-exchange process. The effects of different solvents (water and ethanol) and thermal treatments on the
Ion exchange . . . . .

. structural and optical properties of the doped zeolites were investigated. The results demonstrate that 13X ze-
Photoluminescence

olites have superior Eu uptake and luminescent properties compared to 5A. XRD analysis suggests that Eu ex-
change can stress and disorder the network, which is recovered by annealing up to 600 °C. Instead, a higher
temperature of 800 °C induces the collapsing of the porosity, with partial amorphization and significant
reduction of the surface area of the material. The optical analysis showed that the PL intensities for 13X samples
can be 60 times higher than those obtained for 5A samples. Moreover, ethanol emerged as a superior solvent to

water, avoiding the presence of -OH vibrational energies detrimental to the luminescence of rare earth ions.

1. Introduction

Zeolites are crystalline porous materials widely used for environ-
mental remediation, gas separation, and catalysis due to their structural
properties and high surface area [1-9], but they can also be used as
scaffold for luminescent species towards the development of phosphors
for lighting [10-15]. These versatile properties make them interesting
materials for multipurpose applications. Among zeolites, 13X and 5A
present distinct geometries and porosities. Both are aluminosilicate
molecular sieves, but the first has a faujasite-type structure (FAU), while
the latter has a lynde-type A structure (LTA). Zeolite 13X is the sodium
form of type X zeolite crystal structure. The effective pore opening is
about 1.0 nm. The typical chemical formula is Nagg [(AlO2)g6(Si02)106] -
X H,0, with a water content of about 21 % and PM of about 16,985

g/mol. Zeolite 5A is the calcium form of type A zeolite crystal structure.
The effective pore opening is about 0.5 nm. The typical chemical for-
mula is CagsNas [(AlO2)12(Si02)12] - X Hy0, with a water content of
about 21 % and PM of about 2124 g/mol.

Zeolites can be easily modified for obtaining specific properties. For
example, rare earth ions (RE®") can be introduced in the structure by
ion-exchange in solution, both in water and in ethanol solvents. Rare
earth ions (RE®"), such as Eu®", are especially intriguing due to their
photoluminescent (PL) emissions, characterized by unique spectral
features, long luminescence lifetimes, and transitions within the 4f en-
ergy levels [16].

Doping zeolites with luminescent activators can make them efficient
phosphors for lighting or add sensing functionality to the material. In the
latter application, while the porous structure can act as a sponge for the
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capture of contaminants, the optical emission can be used to indicate the
amount of contaminant and the eventual saturation of the trapping
capability, requiring to be changed or renewed.

In the trivalent RE®* ions, the optical transitions consist of weak
magnetic dipole (MD) and induced electric dipole (ED) transitions.
While the intensities of the MD transitions are not influenced by the
chemical environment surrounding the ion, the ED transitions are very
sensitive to it. Eu>* is an ideal RE®>* model. Its red emission is widely
used in phosphors for lighting and it can be easily detected. Unlike other
RE3* ions, Eu®" luminescence, related to the 5D0 NG ; transitions, is
particularly sensitive to the local environment and can be used as a local
probe [17-21] to get information on the site symmetry around it. In fact,
the SDO — 7F2 (about 610 nm) is a pure electric dipolar transition, while
the °Dgy — “F; (about 590 nm) is a pure magnetic dipolar transition. The
higher the ratio between the intensity of these two transitions (Eq. (1)),
the lower the local symmetry around Eu®* is with respect to an inversion
centre, since a high local symmetry strongly reduces the electric dipolar
emission without affecting the magnetic dipolar one, and vice versa.
Therefore, R is called the asymmetry ratio.

R:I(5D0—>7F2) D
1(°Dy—"F,)

Another unique property related to the internal *f transitions of Eu®*
ions is that the intensity of the °Dy — ’F; transition, being magnetic
dipolar in character and therefore insensitive to change in the Eu®*
surroundings, may be taken as a reference, with a radiative rate of 50
sL. All the other observed transitions arising from the °Dy level have an
electric dipolar character. Therefore, assuming the occurrence of only
radiative and non-radiative processes in the depopulation of the °Dy
excited level, from these two intensity ratios the °Dy radiative lifetime
can be evaluated. From a practical point of view, the radiative lifetime
(trap) can be calculated by the following equation:

I1(°Dy—'F
(L) —14.65 n3(°—_>7’)7 @
TRAD ) By I(®>Dy—"F)

where n is the refractive index, I(5Do — 7FJ)/I(5D() — 7Fy) is the ratio
between the total integrated emission from the Eu 5Dy level to the ’F;
manifold (J = 0-6) and the integrated intensity of the transition *Dg —
7F; [22,23].

Therefore, by comparing the experimental lifetime 7gzxp with the
radiative lifetime calculated from the luminescence emission spectra
Trap it is possible to give an evaluation of the quantum efficiency QY of
the emitting Eu®* ions:

Qr="2 @)
TRAD

A detailed description of these analysis was reported in a previous
paper [24,37]. These features make Eu®" a unique tool for the study and
optimization of the system.

The investigation of Eu®>* co-doped 13X and 5A zeolites in different
solvents, water and ethanol, can provide significant advances for the
optimization of luminescent porous zeolites. Water is a standard solu-
tion for ion-exchange, but ethanol offers a better environment for RE3*
ions, which are sensitive to -OH groups that act as non-radiative
recombination centers, reducing their optical efficiency. Post-
exchange annealing treatments can be used to finely tune the mate-
rial’s crystallinity and the elemental arrangement, with the aim of
maximizing photoluminescence without affecting porosity and
capturing capabilities, for potential applications in environmental and
energy technologies.

2. Experimental

In this study, commercial 5A and 13X zeolites were purchased from
Luoyang Jianlong Micro-Nano New Materials Co., Ltd. The doping agent
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was Europium nitrate pentahydrate (Eu(NO3)s -5 H20) (Sigma Aldrich,
USA), with concentrations meticulously chosen to ensure optimal
doping efficiency.

The synthesis process began with the dissolution of europium nitrate
in either water or ethanol to create a transparent doping solution,
ensuring a final concentration of 0.0375 mol/L. Zeolite powders were
then thoroughly mixed into these solutions, allowing for an hour-long
ion exchange at room temperature. After exchange, the samples un-
derwent centrifugation at 6500 rpm for 8 min, segregating the super-
natant from the zeolite powder. The subsequent washing process
involved two cycles, using the same solvent as in the dissolution step.
The concentration of europium was increased fourfold for certain sam-
ples, and similar atomic content of silver was introduced for co-doping
experiments. The powders were dried overnight at 70 °C, followed by
a series of thermal treatments at 400 °C, 600 °C, and 800 °C in air to
study the effects of temperature on the doped zeolites.

The samples were named accounting for the exchange solution and
annealing temperature. As an example, EuXE400 refers to Eu-exchanged
(Eu) 13X zeolite (X) exchanged in ethanol (E) and annealed at 400 °C
(400), while EuAW refers to Eu-exchanged (Eu) 5A zeolite (A) in water
(W) not annealed.

Characterization techniques included UV-Vis spectroscopy (Agilent
Cary5000) to estimate the doping amount and Photoluminescence (PL)
spectroscopy for emission analysis (Edinburgh Instruments FLS980). A
continuous-wave xenon lamp or a microsecond-pulsed xenon flashlamp
were used as excitation sources for steady-state or time-resolved mea-
surements, respectively, selecting the excitation wavelength by a
double-grating monochromator. The light emitted from the sample was
collected by a single-grating monochromator and recorded by a photon
counting R928P PMT cooled at —20 °C. Time-resolved PL decays were
recorded in multi-channel-scaling (MCS) mode.

Scanning Electron Microscopy equipped with Energy-Dispersive X-
ray Spectroscopy (SEM-EDX) (JEOL JSM-IT300 Scanning electron mi-
croscope) were utilized for morphological and elemental analysis. Prior
to this, a Leica EMACE 200 was used to deposit a 10-nm platinum
coating on the samples to minimize charging effects. The atomic
composition was evaluated by averaging at least 10 points in different
parts of each sample.

Crystal structures of the zeolites before and after ion-exchange and
annealing was obtained by X-Ray Diffraction XRD (Empyrean PAN-
alytical diffractometer) using a Cu Ko X-ray radiation at 40 kV and 45
mA.

Brunauer-Emmett-Teller (BET) surface area analysis provided in-
sights into the porosity of the doped zeolites. The BET surface area of the
samples was measured by nitrogen adsorption at —196 °C (Micro-
meritics Gemini VII 2390 surface area analyzer). All samples were
degassed at 300 °C under high vacuum overnight prior to the adsorption
measurements.

3. Results and discussion

Fig. 1 reports the UV-Vis absorption of the supernatant Eu-
containing solution before and after exchange and washing with 13X
and 5A zeolites. Both for water and for ethanol, it is shown that 13X
zeolites have better Eu uptake compared to 5A. This is attested by the
complete disappearance of Eu absorption peaks in the supernatant so-
lution for 13X, while 5A still contains residual Eu, indicating that the
larger pore size of 13X allows for better penetration and accommodation
of Eu ions within the material. The calculated uptake is 100 % for 13X
zeolites, but only 9 % and 16 % for 5A zeolites in ethanol and water
respectively.

In Fig. 2 (left) a representative SEM image of the EuXE400 sample
shows the typical granularity of the powders with regular shapes in the
1-2 pm range. All the samples were very similar on this scale, inde-
pendently from the annealing temperature. In Fig. 2 (right) an example
of EDX spectrum is reported, showing the characteristic elemental
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Fig. 1. UV-Vis absorption of Eu in the supernatant solution before exchange, after exchange and after washing in ethanol (E) and in water (W) for 5A (top) and 13X

(bottom) zeolites.
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Fig. 2. (left) SEM images for EuXE400 samples, showing the typical granularity of the powder in the 1-2 pm size range; (right) example of EDX analysis of the same
sample with the peaks related to the different elements and the calculation of the relative contributions.

peaks, with the calculation of the relative contribution.

The results of EDX analysis are reported in Table 1, revealing higher
Eu concentrations in the 13X compared to the 5A zeolite. The amount of
Eu after exchange, agrees with what was observed by UV-Vis absorp-
tion, showing a significant difference in the rare earth uptake for the 13X
and the 5A zeolites. For the first, Eu values are in the 1.2-2.3 % range
(relative concentration Eu/Si ~ 3-5 %), while for the latter the con-
centration is 10 times lower, with a high uncertainty, close to the
detection limit. It is worth noting that the solvent, ethanol or water, has
alimited impact on Eu®* exchange for both the zeolites, differently from
other elements reported in the literature (Cu?", Cr>*, Fe3*) where it can
play an important role in determining the final concentration of

exchanged atoms due to the formation of different complexes in polar
organic solvents with respect to water. [25]. Moreover, the elemental
composition of the matrix before and after Eu exchange and annealing is
not changed within the measurement uncertainty, and it is in agreement
with the nominal elemental concentration.

Fig. 3 (left) reports XRD reflections on 13X zeolite before and after
ion exchange and annealing up to 800 °C. It clearly shows the crystalline
nature of the material, in agreement with the typical peaks tabulated for
the faujasite-type structure (FAU) [26]. It is worth observing that the
presence of crystalline EupO3 oxide or other Eu-based phases were not
detected in Eu-exchanged samples, even for the highest annealing
temperatures, suggesting the successful introduction of Eu ions in the
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Table 1
Summary of EDX analysis of ion-exchanged zeolites, reporting the elemental
composition of the samples. Oxygen was not selected in the elemental analysis.

Name Elemental composition (at.%)
Al Ca Na Si Eu

Zeolite A 37.6 16.0 6.0 40.8 -
A-Eu-EtOH 37.8 16.0 5.4 40.6 <0.2
A-Eu-H,0 38.1 15.2 4.8 41.8 <0.2
Zeolite X 32.7 - 22.0 45.0 -
X-Eu-EtOH 32.8 - 20.7 44.8 1.6
X-Eu-EtOH-400C 32.9 - 20.2 44.3 2.3
X-Eu-EtOH-600C 31.9 - 23.3 43.1 1.5
X-Eu-EtOH-800C 32.9 - 20.6 44.2 2.1
X-Eu-H,0 34.1 - 17.3 46.6 1.7
X-Eu-H,0-800C 32.8 - 21.0 44.6 1.2

zeolite crystalline network or they are highly dispersed on the zeolite
surface.

The crystalline structure is almost unchanged up to 600 °C, but small
modifications occur in the material treated at 800 °C, as shown for
example in Fig. 3 (right). This was observed also in a previous study by
Wu et al. [27], who related this behavior to the collapse of the zeolite
structure, resulting in a more compact material with much decreased
porosity. We will check this aspect later, by BET porosity analysis.

The X-ray diffraction (XRD) data in Fig. 3 were analyzed for the
ethanol exchanged series. The crystallite size of the fabricated sample
was determined by employing the Debye-Scherrer and the Williamson-
Hall equation [28].

The Debye-Sherrer equation is the following:

K
Y

4

where D is the average crystallite size, § is the Full Width at Half
Maximum (FWHM) of the peak (in radians), 6 is the diffraction angle, K
is the Scherrer’s factor (constant 0.98), 1 is the X-ray wavelength.

Williamson-Hall (W-H) investigation has the advantage over the
Debye-Scherrer’s model that it allows the assessment of microstrain (g)
in addition to crystallite size (D) [29]. The W-H equation is defined as
follows:

ﬁcosH:K%+4esin0 5)

where the additional parameter ¢ is the microstrain.

By plotting the FWHM component f cos € as a function of 4 sin 6 we
get the strain from the slope and the particle size from the y intercept.
The samples were analyzed using the OriginLab software, with a fit
performed for each sample and peak, thereby obtaining the structural
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parameters.

As an example, the analysis for the 800 °C annealed sample is re-
ported in Fig. 4.

The results for the crystallinity percentage, crystallite size and
microstrain are reported in Table 2. The crystallinity percentage is very
similar for the different samples, with a slightly decreasing trend with
increasing annealing temperature. Indeed, the thermally treated sam-
ples (EuXE400, EuXE600, and EuXE800) gradually decrease crystal-
linity, as confirmed by the vanishing of peaks at 22.7° (620), 27.7°
(553), 29.6° (800), increasing the contribution of the amorphous phase.
This can be explained in relation to the collapsing of the microporous
structure of the zeolite, as anticipated earlier, which will be confirmed in
the following of this paper.

The size of the crystallites determined using W-H plots are observed
to be bigger than those determined by the D-S formula. The discrepancy
in values is attributable to the effect of the strain component present in
the synthesized nanocrystalline materials, which is not considered by
the S-D equation. The untreated zeolite exhibits a value of 87 nm,
whereas after exchange a significant increase in crystallite size is
observed, of about 152 nm, followed by a reduction for higher annealing
temperatures up to 600 °C. A significant difference is noted instead for
the 800 °C annealing, which exhibits the maximum value of 179 nm.
This overall behavior can be explained taking into account the micro-
strain (¢) parameter, which is representative of the structural evolution

= EuX800

Intercept = 8,06462E-4, Slope = 0,00342
X Intercept = -0,23585

8x107 "

7%10° 4
-3 | /
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Fig. 3. XRD reflections for 13X zeolites before and after Eu exchange and annealed at different temperatures.
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Table 2

XRD parameters (Crystallinity %, crystallite size and microstrain).
Sample Crystallinity D-S Crystallite W-H Crystallite =~ Microstrain

(%) size (nm) size (nm) (10’4)

EuXE800 80+6 61 179 34.2
EuXE600 82+ 4 85 105 3.8
EuXE400 87 +4 86 115 10.3
EuXE 86 + 3 83 152 17.1
X 88 +3 80 87 8.4

of the system. The microstrain is indicative of the quality of the crystal.
Higher values can be understood as a higher degree of deformation or
more defects in the crystal. A low microstrain value of 8.4 -107* is
observed in the reference zeolite, while a significant increase occurs
after ion exchange, indicating a significant internal stress and possible
defectivity, which corroborates the introduction of Eu in the structure.
Annealing at 400 °C and 600 °C releases stress and recover the structure,
with an important reduction of the microstrain, reaching a value of 3.8
-10~* for the 600 °C annealing, lower than the one of the original zeolite
structure. Finally, rising the annealing temperature to 800 °C results in
an abrupt increase of the microstrain to 34.2 -10~* due to structural
damage and collapsing of microporosity.

To better investigate this aspect, BET measurements were performed,
with the aim of measuring the total surface area of the material. BET
results are reported in Table 3.

It can be observed that similar values are reported for zeolite X and A,
although they are characterized by different porosities in size and shape.
In both cases, ethanol seems more effective in sample impregnation with
respect to water, determining a stronger decrease in surface area for
ethanol-exchanged zeolites with respect to water-exchanged ones.
However, this is attributed to the retained solvent molecules after ex-
change, considering that the amount of dopants was found to be the
same, as previously observed. Furthermore, a full recovery of the surface
area is observed after 400 °C annealing, and higher values are reached
for 600 °C annealing, due to the better and better release of trapped
solvent molecules within the structure. A significant abrupt decrease of
surface area is observed after 800 °C annealing, attesting the collapse of
the pores, as anticipated in the discussion of the XRD analysis.

The different doping concentrations between 5A and 13X zeolites, as
previously identified through UV-Visible spectroscopy and EDX mea-
surements, have been confirmed by the intensity of PL emissions, shown
in Fig. 5. PL values for 13X samples are 20-60 times higher than for 5A
samples, with intensity variations related to annealing temperatures
ranging from 2 to 3 times. The highest intensity is observed in 13X
zeolite annealed at 400 °C. The PL emission spectrum also provides
crucial insights into the Eu®" ion environment. While the emission in 5A
zeolites annealed at different temperatures is very similar, suggesting
that europium is mostly outside the zeolite network, in 13X it shows
different patterns for the different annealing temperatures, indicating
different local ordering surrounding Eu®"-ions which might be due to
structural reorganization of the network and/or migration of Eu atoms
with annealing at 400 °C and 600 °C, going to an increased disorder at
800 °C, indicated by peak broadening.

Table 3
BET surface area in different samples before and after ion-exchange
and annealing.

Sample BET surface area (m?/g)
Zeolite X 436 + 44

Zeolite A 497 + 50

X-Eu-H0 534 + 53

X-Eu-EtOH 378 + 38

A-Eu-EtOH 284 + 28
X-Eu-EtOH-400C 516 + 52
X-Eu-EtOH-600C 600 + 60
X-Eu-EtOH-800C 37+4
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The different asymmetry ratio R is reported in Table 4 for the various
samples, with higher values related to lower centro-symmetric geome-
tries. As a general comment, the precise control of the symmetry around
Eu®" ions, which can be obtained by specific complexing agents, for
example, can result in ratios R that were reported from less than one to
more than seventeen [30,31]. However, when Eu" ions are incorpo-
rated in solids, in particular in glassy materials, R-values are usually
between three and four [32]. In crystalline materials they depend on the
crystal symmetry and, above all, on the specific site occupied by the ions
[33,34]. However, in the present case, there is little difference between
A and X zeolites, which make difficult to attribute this value to a specific
site. Indeed, we can conclude that the photoluminescence spectral shape
is more indicative of the different crystal positions than the R-value.

Focusing on the 13X zeolite samples, the comparison between water
and ethanol shows that ethanol emerges as a superior solvent, yielding
PL intensity twice as high as water. It is known, in fact, that water
vibrational energies are detrimental for the luminescence of rare earth
ions, providing non-radiative recombination paths which compete with
the radiative ones and finally reduce the quantum efficiency of the
system, as reported in Table 5. This is not observed for 5A, further
supporting the idea that Eu®" ions are not able to enter the zeolite
network. Indeed, the spectral shapes as well as the time-resolved lumi-
nescence decays, reported in Fig. 6, are very similar for the two solvents.
In 13X the time-resolved PL analysis shows a single exponential decay
for ethanol and a slightly non-exponential decay for water, suggesting
non-radiative recombination centers in the latter. Additionally, lifetime
values are generally longer for ethanol, with significantly higher quan-
tum efficiency. Moreover, QY is as high as 80 % in the 800 °C annealed
sample, and higher values could be obtained by further optimizing the
annealing conditions. Indeed, values even higher, of almost 100 %, were
reported in the literature [35,36]. Therefore, in applications where
porosity is not needed, as for example in the lighting field, this material
could have high potential.

Finally, it should be noted that time-resolved decays for 5A zeolites
present a very steep initial drop, which is not an experimental artifact,
but it is a real fast decay due to significant quenching processes, con-
firming the previous observations.

4. Conclusion

In this study we showed that Eu®' can be easily introduced in
commercial 13X and 5A zeolites by ion exchange in solution, providing
luminescence properties to the materials. However, the doping of 13X
zeolites is much more effective than the doping of 5A zeolites due to
their larger pore size, which allows better ion accommodation and
higher doping concentration.

Structural characterization revealed that Eu®t can enter the crys-
talline network of 13X zeolites, resulting in some disorder and defects
which can be recovered by annealing at 400 °C and 600 °C. Instead,
further increase of the temperature to 800 °C has a detrimental effect,
resulting in a collapse of the structure and a significant reduction of the
surface area.

The optical analysis showed that the PL intensities for 13X samples
can be 60 times higher than those obtained for 5A samples. Moreover,
ethanol emerged as a superior solvent to water, avoiding the presence of
-OH vibrational energies detrimental to the luminescence of rare earth
ions.

These findings suggest that 13X zeolites Eu-exchanged in ethanol and
annealed at 400 °C have promising applications in sensing and energy
due to their enhanced luminescent properties, unchanged porosity and
structural stability. Higher temperature annealing at 800 °C or above
could instead be used as light emitting phosphors, reaching QY values as
high as 80 %. Future research will focus on optimizing the doping pro-
cess and exploring the applications in real-world scenarios.
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Fig. 5. Photoluminescence emission spectra, showing the typical Eu®* transitions in the red spectral region, corresponding to the Dy — ’F; electronic transitions.
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reader is referred to the Web version of this article.)

Table 4 Table 5
Site asymmetry ratio R of Eu®" ions in the different samples. Lifetime values for PL decay, radiative lifetimes and quantum efficiencies of
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i 0,
Name Asymmetry ratio R these values is of the order of 5 %.
X-Eu-EtOH 3.4 Name i\([feafured ﬁld%ative Q(;antum efficiency QY
X-Eu-EtOH-400C 6,2 ietime ietime 0
X-Eu-EtOH-600C 6,6 TvEas (MS) Trap (ms)
X-Eu-EtOH-800C 5,6 X-Eu-EtOH 0,42 3,29 12,8
EuH20 34 X-E:)l(—)]ztOH- 1,06 2,26 46,9
X-Eu-H20-400C 4,9 X-Fu-EtOH 11 21 553
X-Eu-H20-600C 44 '68(')30 : 18 13 >
X-Eu-H20-800C 6,4
X-Eu-EtOH- 1,94 2,41 80,4
A-Eu-EtOH 3,3 800C
A-Eu-EtOH-400C 4,6
A-Eu-EtOH-600C 43 oo g % S
A-Eu-EtOH-800C 55 X-Eu-H20- 4 4 g
400C
A-Eu-H20 3,7 X-Eu-H20- 1,08 2,89 37,4
A-Eu-H20-400C 4,7 600C
A-Eu-H20-600C 6,3 X-Eu-H20- 1,22 2,22 54,9
A-Eu-H20-800C 5,5 800C
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Fig. 6. Time resolved PL emission. Top row: 5A zeolite. Bottom row: 13X zeolite. Left: exchange in ethanol. Right: Exchange in water.
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