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ABSTRACT: Silver nanoclusters (Ag-NCs) encapsulated into zeolite
scaffolds, a class of photostable luminescent nanomaterials, have aroused
great interest due to their attractive photoluminescence (PL) properties
and promising applications as alternative phosphors for light-emitting
devices. However, current research predominantly features single-color
emitters in luminescent Ag-exchanged zeolites. Herein, the synthesis and
characterization of white-light emissive Ag-exchanged NaP1l zeolites
obtained from natural clinoptilolite through hydrothermal processes are
described. Samples were subjected to X-ray diffraction (XRD), scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS),
steady-state PL spectroscopy, and fluorescence microscopy analysis.
Optically and chemically pure NaPl zeolites were obtained from
nonconventional precursors and subsequently exchanged with Ag loadings (12.5, 25, 33, S0, and 66 wt %), resulting in luminescent
samples after a thermal activation at 450 °C with quantum efficiencies of up to 6.2% and a broad emission band (full width at half-
maximum = 31250 cm™"') when excited at 380 nm. The strategy to obtain white-light emissive materials presented in this study
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opens alternative avenues for the development of sustainable phosphors, decreasing the burden of nonrenewable resources.
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B INTRODUCTION

Luminescent silver nanoclusters (Ag-NCs) encapsulated with-
in zeolites can have outstanding emissive properties including
large Stokes shifts, high external quantum efficiencies (EQEs),
and exceptional photostability, among others."”” These optical
properties depend not only on the zeolite framework, the Ag
loading, and the presence of specific counterbalancing ions but
also on the hydration conditions. This remarkable versatility
allows for a tunable optical emission that spans nearly the
entire visible range and can achieve EQEs approaching
unity.>™® These features render zeolite-stabilized Ag-NCs as
promising phosphors for LEDs and as active layers in
electroluminescent devices.” Within this scenario, a variety of
Ag-NCs formed inside different zeolite topologies have been
reported, among the most widely studied are Linde type A
(LTA), faujasite (FAU), and sodalite (SOD) zeolites
displaying visible emission ranging from blue to red.”~>*~"*
However, white-light-emitting single-phase phosphors span-
ning the entire visible range from 400 to 700 nm are more
desirable for manufacturing white-light-emitting diodes
(WLEDs). These devices offer several advantages, such as
higher efficiency compared to incandescent lamps, do not
contain toxic mercury like fluorescent lamps, and provide
higher color stability and reproducibility compared to
multicomponent phosphor-based WLED (e.g., blue, green,
and red with near-ultraviolet (NUV) chips and yellow with
blue chips) as well as lower production costs. These attributes

© 2024 The Authors. Published by
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position them as a promising and sustainable choice for the
future of lighting technology.”

To date, several studies have reported the broad white-light
emission from Ag-NCs-zeolite composites for application as
phosphor in WLEDs.'""*~'® Previously, Yao et al."* reported
an Ag-exchanged FAU-Y zeolite with tunable emission (from
green to cyan) calcined at different temperatures and obtained
a single-component white-light phosphor at elevated temper-
atures (950 °C). Moreover, SOD zeolite has been employed as
a confinement scaffold to stabilize white-light-emissive Ag-
NCs-based composites by heating the SOD zeolite codoped
with Ag’, Eu®*, and Zn** at 800 °C'® or by controlling the
extraframework cations (Li*, Na*, K*, Cs*, Mg**, and Ca®"),
heat treatment temperature, and Ag loading.'' Recently,
Baekelant and collaborators succeeded in obtaining highly
luminescent white-light-emissive Ag zeolites. To achieve this, a
combination of chalcogenide species (specifically, sulfur
anions) and Ag-NCs was stabilized within a SOD zeolite
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Figure 1. (a, b) XRD patterns of the powdered natural clinoptilolite precursor after calcination at 450 °C and zeolite product (obtained from 1 M
NaOH, 24 h—90 °C of HT) compared to clinoptilolite and NaP1 zeolite references, respectively. (c, d) SEM micrographs of the obtained NaP1

zeolite at different magnifications.

Nonetheless, the quest for single-phase white-light-emitting
Ag-zeolite phosphors has prompted the exploration of other
zeolite topologies, in particular small-pore size zeolites (i.e.,
eight-membered ring, 8-MR), where the stabilization of
ultrasmall noble metal nanoclusters (NCs) has been
demonstrated.'”~'? Recently, Li et al.'® achieved Ag-NCs
zeolite composites using small-pore analcime (ANA) as hosts
and terephthalic acid to avoid the formation of Ag nano-
particles on the zeolite surface; such samples displayed
adjustable emission ranging from orange through yellow to
white, showing the great potential of small-pore zeolites to
tune the optical properties of the stabilized metal NCs.

Herein, we report the production of a white-light-emissive
Ag-zeolite phosphor using small-pore NaP1 zeolites after a
cation exchange procedure followed by thermal treatment at
450 °C. NaPl zeolites with gismondine (GIS) structure
possess an open [tetrahedral] framework due to the high
flexibility of the Si—Al linkage. This flexibility allows both
expansion and contraction of the framework along with the
dynamics of out-of-framework cation movement, being an
intrinsic property of zeolites. This behavior originates from the
elasticity of the Si—O and Al-O bonds, as well as the
deformation of the Si—O—Al and Si—O—Si angles, in response
to external factors such as guest hosts, composition, and
variations in temperature or pressure.zo’21 The small-pore
NaP1 zeolites used in our study were synthesized from natural
clinoptilolite zeolites, offering an alternative source of Si and
Al, through alkaline hydrothermal treatments (HT), and
subsequently employed to confine luminescent Ag-NCs,
making them high-value-added synthetic zeolites produced
from low-cost raw materials. Moreover, we observed that by
varying the Ag content in Ag-NaPl zeolite composites a
tunable emission from violet, blue to white was achieved,
where the tunability of their emission properties was
tentatively ascribed to the formation of luminescent Ag; and
Ag*" NCs within the cavities of the as-synthesized NaPl
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zeolites.””® As a result, a white-light-emitting phosphor with

CIE color coordinates of (0.30, 0.32) under NUV excitation
(380 nm) was obtained. To the best of our knowledge, this
report addresses the first rationally designed study of Ag-
exchanged NaPl zeolites (obtained through sustainable
routes) with tunable emission (from violet to blue and white).

B EXPERIMENTS AND METHODS

Generation of Optically Pure NaP1 Zeolites Starting from
Natural Zeolite Clinoptilolite. NaP1 zeolites were synthesized via
alkaline dissolution of the clinoptilolite, followed by a hydrothermal
treatment as described elsewhere.”” It is worth noting that natural
clinoptilolite contains several extraframework cations, including Na®,
K, Ca**, and Mg**. Additionally, traces of iron (Fe**) were detected,
presumably replacing Si atoms in the tetrahedral sites of the zeolite
structure.”® Among these cations, K* was found to be the most
concentrated, while Fe®* was present at trace levels (Figure S1).
Interestingly, the presence of Fe** contributed to the distinct
coloration of the powder, appearing light beige before calcination
and transforming into a strong beige hue after calcination (Figure
$2).>*** Moreover, SEM analysis on the clinoptilolite precursor
revealed crystals with irregular morphology (Figure S3).

Silver Exchange Procedure. Ag-exchanged NaP1 zeolites were
prepared using the procedure described elsewhere.” Samples with
different Ag loadings (12.5, 25, 33, 50, and 66 wt % of AgNO; with
respect to the zeolite; see the Supporting Information) were prepared
to investigate the influence of Ag loading on the photoluminescence
(PL) properties. Samples were denoted as NaPl-Ag, where x
represents the wt % of AgNO; precursor utilized in the cation
exchange procedure (for instance, NaP1-Ag;, s corresponds to the as-
synthesized NaP1 zeolite exchanged with 12.5 wt % of AgNO;).

X-ray Diffraction (XRD) Analysis. XRD data were acquired
utilizing a D8 Advance Bruker diffractometer with Cu K, radiation
(1.541 A) in the range of 20 = 10°—60° using a scanning speed of
0.02°/s. Subsequently, the XRD patterns underwent indexing
employing the recognized standard diffraction patterns for clinopti-
lolite and NaP1 zeolite, as outlined by the International Zeolite
Association (IZA).ZG
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Figure 2. 2D excitation—emission plots of Ag-exchanged NaP1 zeolites synthesized from clinoptilolite with different Ag loadings: (a) NaP1-Agy, ;,
(b) NaP1-Ag,, (c) NaP1-Agy,, (d) NaP1-Ag,, and (e) NaP1-Agg. The insets in (d) and (e) show pictures of the samples under UV illumination

at 365 nm.

Scanning Electron Microscopy (SEM) and Energy-Disper-
sive Spectroscopy (EDS). SEM and EDS images were obtained on a
JEOL 6500LV device equipped with an X Flash 6110 Bruker detector.

Thermogravimetric Analysis (TGA). TGA analysis was
conducted on a Q500 TGA instrument from TA Instruments. The
zeolite sample, weighing 10—30 mg, was placed in a platinum holder
and heated from room temperature to 600 °C using a temperature
ramp of 3 °C/min, under a continuous N, flow of 90 mL/min.

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were
obtained by using a Thermo Scientific K-Alpha XPS system. The Al
Ka source emitted X-ray radiation at 1486.7 eV, focused onto a 200 X
200 um’ spot with a power density of 66 W/m?.

Steady-State Optical Properties. Steady-state PL properties,
including two-dimensional (2D) excitation—emission plots and EQEs,
were recorded by using an Edinburgh FLS980 fluorometer. EQE was
measured using an integrating sphere (Labsphere) connected to the
fluorometer via optical fibers, using barium sulfate as a total dispersion
reference. The emission profiles obtained were deconvoluted with
Gaussian-shaped peaks, using the multipeak fitting in the Origin Pro
2018 software. Confocal fluorescence microscopy (Confocal Olympus
FluoView FV-1000 + fully motorized Olympus IX81 inverted
microscope) was used to analyze the luminescence of individual
NaP1-Ag, crystals and the heterogeneity in the emitted color and
intensity among individual crystals.

Fluorescence Microscopy. An Olympus FluoView FV-500
microscope was used as a wide-field epifluorescence microscope. A
mercury light source is used for the illumination of the sample. The
range of the excitation spectra is selected using a band-pass filter. The
band-pass filter used passes light from 310 to 390 nm, with a
maximum at around 350 nm. A Canon EOS SD Mark II camera was
used to capture all pictures of the illuminated samples positioned in
place of the eyepiece lens.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Single-Phase NaP1
Zeolites Using Clinoptilolite as Precursor. Figures 1a and
1b display the diffractograms of natural clinoptilolite and the
as-synthesized NaP1 zeolite, respectively, as confirmed by the
reference files JCPDS No. 01-79-1461 and JCPDS No. 01-71-
0962.7°7%% 1t is worth noting that the XRD pattern of the as-
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synthesized NaP1 zeolite shows neither the appearance of
characteristic diffraction peaks associated with the clinoptilolite
precursor nor the presence of other zeolitic phases, suggesting
the effective synthesis of a single-phase NaP1 zeolite suitable to
host—metal NCs.**

SEM analysis (Figures lc and 1d) reveals the highly
intergrown of cuboctahedron-shaped crystals, similar to those
observed for NaP1 zeolites in previous reports.”>>**° EDS
(Figure S1) measurements confirm that besides Si, Al, and O
as the main elements, the natural clinoptilolite precursor also
contains extraframework cations such as K*, Na*, Mg**, Ca*,
and Fe*" in lower concentrations. Similarly, the EDS and XPS
data show that Si, Al, O, and Na are the main components in
the as-synthesized NaP1 (Figures SS and S6) and Na* is the
main counterbalancing cation in the zeolite structure, whereas
K" and Ca®" were present only in trace amounts and no Fe®"
could be detected, suggesting a high chemical purity of the as-
synthesized zeolite. The average Si/Al ratios of the
clinoptilolite precursor and the as-synthesized NaP1 zeolite
are 4.8 and 1.7, respectively, matching very well with Si/Al
ratios of previously reported for NaP zeolites (1.1—2.5).”" The
XPS analysis further supports this, determining that the Si/Al
ratio in the NaP1 framework accounts for 1.58 (see also Figure
S6).

Diffuse reflectance spectroscopy (DRS) analysis was also
performed to investigate the optical purity of the zeolite
obtained. The DRS spectrum of the as-synthesized NaPl
zeolite shows higher absorption in the range 4 < 350 nm
compared to commercial zeolites (LTA, FAU), as depicted in
Figure S7. Zeolites exhibit absorption bands in the short-
wavelength range attributed to charge transfer O*~ — Al*,
involving aluminum atoms at specific sites (surfaces, corners,
and defects).’>** However, no additional bands in the range A
> 350 nm are observed discarding the predominant presence of
extra cationic impurities such as K* and Ca**.>> Additionally,
TGA was performed to assess the water content of the as-
synthesized NaP1 zeolite. TGA analysis (Figure S8) revealed a
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total weight loss of approximately 13.5 wt % by 500 °C,
occurring in two stages. The first stage (62.5—250 °C)
corresponds to the release of water molecules from the
micropores, with peak loss at 100 °C. The second stage (250—
500 °C) involves the decomposition and elimination of
hydroxyl groups, peaking at around 325 °C.****

Luminescent Properties of Ag-Exchanged NaP1
Zeolites. To study the PL properties of NaP1-Ag, samples
with varying Ag loadings (x = 12.5, 25, 33, 50, and 66 wt %),
2D excitation—emission PL plots were recorded. Figure S9
provides a summary of the different emission and excitation
bands in relation to the Ag loadings. Figures 2a and 2b show
the 2D excitation—emission plots of NaP1-Ag;,s and NaP1-
Ag,s samples, where a weak emission in the UV region with a
maximum between 365—370 nm when excited at around 250
nm is present. In contrast, the NaP1-Ag;; sample displays new
broad visible light emission (Figure 2c). The visible emission is
most intense in the violet and has a long tail into the green-
yellow when excited in the deep-UV. Additionally, a new PL
band centered at around 450 nm when exited at 370 nm
emerged. The violet emission was also reported by Aono et
al."” for Ag-exchanged NaPl-type zeolite after mild heat
treatment (between 100—200 °C). Further, they investigated
the impact of heat treatment on the luminescent characteristics
of the Ag-zeolite composites, resulting in an emission of 390
nm (violet color) for samples subjected to 800 °C heating.
However, it is essential to highlight that in their study the
NaP1 phase began to diminish and eventually disappear after
reaching temperatures above 400 °C. Unlike this report, our
samples were treated at 450 °C to obtain highly luminescent
materials (Figures 2d,e, insets). Importantly, the cation
exchange and heat treatment processes did not affect the
well-defined structure of the as-synthesized NaP1 zeolite (Si/
Al = 1.7),%° in agreement with the X-ray diffraction patterns
(Figure S10). The structural integrity of the sample
demonstrated consistency as compared to that of the non-
calcined sample, previously observed.*®

Figures 2d and 2e (insets) show blue-white to bright-white
emission of NaP1-Ags, and NaP1-Agys samples under near-UV
excitation (365 nm) with EQE values of 5.0 and 6.2%,
respectively. For the NaP1-Ags, sample, a red-shift in the
maximum of the emission (from 400 to 453 nm) and
excitation bands (from 255 to 290 nm and 370 to 380 nm)
with respect to the NaP1-Ag,; sample is observed (Figure S9).
Instead, in the NaP1-Agy sample, a luminescent band centered
at about 465 nm, accompanied by a clear shoulder at around
600 nm, is observed. Interestingly, the excitation band at 290
nm decreases, while the excitation band at 380 nm remains the
same. The maxima of all PL bands and EQEs of the Ag-loaded
NaP1 zeolites are summarized in Table 1.

The low Ag loadings (12.5 and 25 wt %) probably did not
lead to significant Ag-NCs formation inside the zeolite
framework due to the shortage of interactions between the
Ag atoms during the thermal activation.”” In the NaP1-Ags,
sample the emergence of new excitation bands (at 370 nm)
can be tentatively ascribed to the formation of different
luminescent Ag species at specific sites inside the NaPl
structure.”® Furthermore, there is still hydration water present
in small amounts during calcination of zeolite at 450 °C
(Figure S8), which is necessary for the thermal autoreduction
process leading to the formation of Ag-NCs.” The red-shift
observed in the excitation bands, from 255 to 290 nm and 370
to 380 nm in the NaP1-Ag,, sample, could be attributed to

Table 1. Summary of the Ag Loaded NaP1 Zeolites at
Various Ag Ratios with Their Corresponding Luminescence
Bands and EQEs

PL features of the Ag-

exchanged conditions exchanged zeolite

Ag-exchange Em,,  Exc,, EQE

zeolite ratio (wt %) (nm) (nm) (%)
NaP1 (1 M NaOH, 24 h— 12.5 365 250
90 °C of HT)
25 370 250
33 400 255,
370
50 453 290, S.0
380
66 465 380 6.2

“The measurement error on the absolute EQE is 2%.

alterations in the interaction level of Ag cations with the
framework oxygen and their arrangement within the zeolite
scaffold.”

Further spectral analysis of NaPl-Ags, and NaP1l-Agg,
samples by fitting the emission spectra with multiple Gaussian
peaks (Figure 3) revealed the presence of two main PL bands

8x10° 453 nm (a)
—; 7x10° NaP1-Ags,
© 5 Gauss fit peak 1
— 6x10 Gauss fit peak 2
%‘ sx1054 f \\ Combined fitted peaks
c
‘E 4x10°
: 3x10° 451 nm
o
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® 3x10*
2 X
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Figure 3. Spectral deconvolution of the emission profiles obtained
under excitation at 380 nm of the (a) NaP1-Ag, and (b) NaP1-Agg
samples.

for the two Ag-NCs-zeolite composites, an emission maximum
at 451 nm and a second emission band at 530 nm, upon
excitation at 380 nm, for the NaP1-Ags, sample; whereas for
the NaP1-Ages sample, a blue emission band centered at 458
nm and a green broadband centered at approximately 570 nm,
under excitation at 380 nm, are visible. A similar blue emission
behavior was previously described in partially hydrated Ag-
exchanged Li-LTA zeolites at low Ag loadings, whose emission
was assigned to low nuclearity Ag-NCs (Ag;) characterized by
X-ray absorption fine structure (EXAFS) analysis.* Note that
the emission band between 450—465 nm excited at 380 nm
remains unaltered; hence, this suggests the confinement of a
small stable Ag; blue-emitting NC into the small voids of the
as-synthesized NaP1 zeolite. The spectral broadening of the
emission band at 570 nm (excitation at 380 nm) indicates the
existence of an electron—phonon interaction between the
confined Ag-NC species and the zeolite structure.*® Besides,
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the emission bands red-shifted and broadened from 530 to 570
nm by increasing Ag concentration. This phenomenon could
be explained by the increased size of the NCs-emitting species
in the excited state compared with the ground state.
Consequently, the separation between the emission peaks
can be attributed to the electron—phonon coupling effect
related to changes in the Ag—Ag and Ag—O bond distances.*!
A similar broadband emission in the yellow-greenish region has
been observed in Ag-exchanged LTA-type zeolites with low to
intermediate Ag loadings; such emission has been associated
with an Ag,** type NC."” Therefore, the emission bands at 530
and 570 nm are tentatively assigned to the formation of Ag,*"
NCs.

To gain insight into the lifetimes of the Ag-NCs species
present in the NaP1-Agys sample, we conducted time-resolved
luminescence measurements on a scale of nanoseconds to
milliseconds within a 1 ms time window. Luminescence decays
were determined using an excitation wavelength of 365 nm and
two detection wavelengths (450 and S80 nm) selected
according to the spectral deconvolution of the emission profile
of the NaP1-Agy, sample (Figure 3b). The fit analysis at 450
nm detection (Figure Slla) reveals, besides a very fast
decaying component, two components of 0.52 and 65 ps.
Additionally, three components (0.92, 24, and 260 us) were
observed under 580 nm detection (Figure S11b), suggesting
the presence of different emitting species under different
confinement environments, as previously reported.**'

The variations in emission that occur with an increasing
amount of Ag suggest the coexistence of different types of Ag-
NCs within the zeolite matrix. It is noteworthy that the highest
loading used in this study (66 wt %) closely approaches the
theoretical total exchange capacity of the as-prepared zeolite
(68 wt %, as described in the Supporting Information).
Therefore, we foresee that a further increase in Ag loading, as
the theoretical full exchanged capacity has been reached, would
have no impact on the cation exchange process and in the
formation of Ag-NCs.*

White-Light Emission of Ag-Exchanged NaP1 Zeo-
lites. Fluorescence microscopy was employed to observe
whether different luminescent species are present homoge-
neously in several NaPl-Ags crystals. In each area, the
luminescence in three wavelength regions (435—53S, 535—
635, and 635—755 nm) was recorded corresponding to the
working range of three PMT detectors preceded by dichroic
mirrors, as depicted in Figures 4a—c. Moreover, the PL of
seven labeled areas was analyzed in detail (Figure 4d),

4.5x10°

e Region 1
4.0x10° (e) Region 2
3 3.5x10° Region 3
4 Region 4
< 3
: 3.0x10 Region 5
£ 2.5x10° Region 6
S 2.0x10° Region 7
2
£ 1.5x10°
T 1.0x10°

5.0x102

0
450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 4. Fluorescence images of the NaP1-Agy, sample correspond-
ing to the following detection channels: (a) 435—535 nm, (b) 535—
635 nm, and (c) 635—755 nm. (d) Transmission of individual crystals
and their respective locations. (e) Emission scans of NaP1l-Agg
crystals excited at 40S nm measured on a confocal fluorescence
microscope. Region 7 corresponds to the nonemitting background.

collecting the photoluminescent data for each wavelength
scan (emission spectra from ~420 to 700 nm in S nm steps, at
405 nm excitation). Where regions 1—6 correspond to
emitting zeolite crystals, and region 7 was taken as a reference
to distinguish between photoluminescent crystals and the
background. The analysis of the first area highlights that,
collectively, all crystals emit light spanning almost the entire
visible range (435—755 nm), explaining the apparent white
homogeneous luminescence of the sample at bulk level. Figure
4e displays the emission spectra of all NaP1-Agy regions
analyzed in the first selected area, wherein a broad spectral
region was observed from 420 to 720 nm, confirming white-
emitting Ag zeolites except in regions 2, 4, and 7, where region
7 proves that there was no contribution from background
emission. It is worth mentioning that there are no significant
groups of crystals emitting at different wavelengths. Con-
sequently, this homogeneous emission could result from a
uniform distribution of Ag-NCs species in the zeolite crystal
population. Nevertheless, few individual crystals are spotted
emitting at a specific PL emission wavelength. The emission
spectrum of region 2 is blue-shifted by S5 nm, and the
emission spectrum of region 4 is slightly red-shifted by 30 nm
than the rest, as observed in Figure 4e. These differences in
crystal emission are confirmed by wide-field fluorescence
microscopy (Figure S12).

In Figure S13, two additional wide-field fluorescence images
of a second sample area are displayed, also exhibiting a blue-
emitting crystal and slightly orange-reddish-emitting crystals
surrounded by a multitude of white-light-emitting crystals,
which is in good agreement with the PL observations. This
could be due to certain reasons. One possibility is the
difference in the degree of Ag exchanged between individual
crystals, and consequently, the Ag-NCs species development in
each crystal may differ, as reported by Plessers et al."> where
changes in the coloration of single crystal silica supported Ag
nanoparticles due to local Ag gradients were observed.
Variations in the Si/Al ratio (as previously observed in the
EDS and XPS results, Figures SS and S6, respectively) of
individual crystals and their remaining co-cations may also play
a major role since the Ag-NCs could experience a different
electronic environment in each single zeolite crystal. For
instance, Fleury et al.™* reported that the structure and
distribution of aluminum in mordenite zeolite vary significantly
depending on the extent of dealumination. Concerning the co-
cations, it is reasonable to consider the possibility that they
affect the clustering of the exchanged Ag* ions. Yao et al.''
recently reported the role of co-cations (Li*, Na*, K*, Cs*,
Mg**, and Ca*") in the optical properties of Ag-NCs stabilized
in SOD zeolites. Their investigation revealed a remarkable
capacity to adjust the luminescent emissions of Ag-NCs from
blue, yellow, and orange to a warm white color; they assigned
this behavior to the nature of the cations, inducing a lattice
shrinkage of the framework of the SOD zeolites. As previously
observed by the XPS results (Figure S6), trace amounts of K*
and Ca** were found in the as-synthesized NaP1 zeolite.
Hence, these irregularities in the emission of certain individual
grains could be ascribed to variations in counterbalancing
cations such as Na*, K*, and Ca** present in the Ag-exchanged
NaP1 zeolites. To minimize these heterogeneities, it is feasible
to adjust the synthesis conditions to promote more uniform
nucleation and growth. Additionally, an acid treatment of the
initial clinoptilolite could improve the purity of the starting
material decreasing the metal impurities, resulting in a host
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with higher chemical and optical purity. This direct improve-
ment in purity, together with the fine-tuning of the activation
step through reduction—oxidation cycles, could boost the EQE
performance of the white-emitting materials.*”

Additionally, XPS analysis was performed to elucidate the
electronic state of the Ag species present in the NaP1-Agg
sample (Figure S14). Signals associated with O, Si, and Al
elements of the XPS survey spectrum are observed. However,
the Na signal decreases, and the appearance of a new intense
signal is detected, attributed to Ag species, proving that the Ag"
ions were introduced into the zeolite. No evident changes in
the peak positions of the signals in the O 1s, Si 2p, Al 2p, and
Na 1s regions are observed in the high-resolution spectra.
Whereas for the Ag 3d region, two main peaks corresponding
to binding energy of Ag 3ds/, and Ag 3d;,, are spotted. The
binding energy of Ags,, displays an intense peak centered at
368.58 eV, which is higher than that of Ag metal (368.20 eV),"
potentially ascribed to subnanometer Ag-NCs within the
zeolite cavities."”

The bright-white-light emission of the NaP1-Ags sample
indicates that it originates from mixing of the emission of two
types of Ag-NCs present within the channels of the as-
synthesized NaP1 zeolite. These findings show that the zeolite
framework plays a major role in tuning its opto-structural
properties since the nature of the NCs is determined by the
topology of the framework, the framework charge, and
interaction with other extraframework cations.” As mentioned
above, the framework of NaPl zeolite shows exceptional
flexibility without framework degradation.”” In this regard,
Choi et al.** recently reported NaP-type zeolites with Si/Al
ratios of 1.5, 3.0, and 4.7, in which Na* ions occupied two
almost identical sites within the zeolite structure for all samples
in their hydrated form. The first site for the Na* ion is centered
within the 8-MR windows and is octahedrally coordinated by
six water molecules. The second site, located within the 8-
MRs, is slightly off-center and within the interaction distance
with the oxygen atoms of the framework. Upon dehydration,
the framework is distorted, and Na* ions move from the
windows of the 8-MRs closer to the framework into the
pockets of the dcc units, resulting in substantial compression
forces, showing a preference for the channel crossing, as
illustrated in the scheme depicted in Figure S1S. That could
explain the appearance of two types of small Ag-NCs, where
the Ag" ion replaces the specific Na* ion sites. Upon heat
treatment of the samples, the structure is distorted and
compressed such that the NCs are positioned within the two
channels; the Ag; and Ag," species could occupy the smallest
(dcc) and largest channel (8-MR), respectively (Figure S15).
Previously, Yao and collaborators'® reported white-light
emission in Ag-exchanged FAU-Y zeolites heat-treated at 950
°C, where the collapsing of the zeolite framework was
observed, associating the white emission to the interaction of
Ag'—Ag’ and Ag'—Ag" species formed during the destruction
of the zeolite framework. In contrast, in our samples, the use of
elevated temperatures was not necessary; this way our
approach could be an affordable alternative in the generation
of white-light emission in Ag-exchanged zeolites using
sustainable small-pore zeolites.

Assessment of Ag-Exchanged NaP1 Zeolites as
White-Emissive Phosphors for Lighting Devices. The
emission spectra of the NaP1-Ag, samples were converted to
the Commission Internationale de I'Eclairage (CIE) 1931
chromaticity diagram (Figure S) to find the lighting color area
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Figure 5. CIE-1931 chromaticity coordinates of NaP1-Ag, samples.
The CIE coordinates for NaP1-Agy, 5 »5 33 samples were obtained from
their emission spectra upon excitation at 250 nm, while for NaP1I-
Agso e samples were obtained under 380 nm excitation.

of each Ag-exchanged sample. The corresponding CIE (x, y)
chromaticity coordinates were determined as (0.20, 0.16),
(0.19, 0.14), and (0.25, 0.25) when excited at 250 nm for
NaP1-Ag;, s, NaP1-Ag,s, and NaP1-Ag;; samples, respectively,
whereas for NaPl-Agy, and NaP1-Ag samples, their CIE
coordinates were (0.23, 0.22) and (0.30, 0.32), respectively, at
380 nm excitation. The above indicates a tunable emission
color of the samples ranging from violet to white as the Ag
concentration in the zeolite structure increases. Importantly,
the obtained NaP1-Agg sample has the CIE color coordinates
of (0.30, 0.32) and an appropriate CCT of 7189 K, which are
very close to the CIE coordinates (0.33, 0.33) of the ideal
pure-white-light emission.'* In addition, the emission spectra
of NaP1-Ags, and NaP1-Agy samples (Figure S16a) under a
290 nm excitation wavelength were used to obtain their CIE
coordinates. Significant changes in the CIE coordinates (0.27,
0.29) and (0.33, 0.37) were observed for the NaP1-Ags, and
NaP1-Agy samples (Figure S16b), respectively. These results
indicate that a wavelength of 380 nm is optimal for using these
materials as phosphors in NUV-LED devices.

The excellent performance of phosphors against temperature
is a crucial factor for practical applications, especially
considering that LEDs can operate at temperatures up to
150 °C.* To evaluate the photostability of the emission at 150
°C, tests were performed for 10 h, both with and without UV
illumination (380 nm) on the NaP1-Agg, sample (Figure S17),
observing an overall decrease of 4% of the absolute integrated
emission. On the other hand, Figure S18 depicts how the
integrated emission intensity of the NaP1-Ag,s sample slightly
decreases as the temperature increases from room temperature
to 350 °C. However, upon cooling, a recovery in the intensity
is observed, suggesting good reversibility and promising
thermal stability. These findings indicate that with further
optimization, this single-phase white-light-emitting phosphor
could serve as a feasible candidate for an emissive layer in
NUV-LED devices.

Bl CONCLUSIONS

In this contribution, the preparation of a Ag-exchanged NaP1
zeolite luminescent material with tunable emission is
presented. The successful transformation of a nonconventional
precursor, such as natural clinoptilolite, into higher value-
added NaPl zeolite was performed by the hydrothermal
method. The as-synthesized NaP1 zeolites were chemically and
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optically pure to serve as scaffolds to confine and stabilize
highly luminescent Ag-NCs, demonstrating that the use of
flexible small-pore NaP1 zeolites allows the stabilization of two
types of luminescent Ag-NCs with low nuclearity, displaying
blue (458 nm) and green-yellow (570 nm) emission bands,
tentatively assigned to Ag; and Ag," NCs, respectively,
generating white light from the combination of both emissive
species. The emission color strongly depends on the Ag
loadings, where the emission of the samples can be tuned from
violet, blue-white, to bright-white, with increasing Ag loadings.
Moreover, a pure-white-light emission under NUV excitation
(380 nm) with CIE chromaticity coordinates of (0.30, 0.33),
an EQE of 6.2%, and excellent thermal stability was achieved
for the high-loaded samples. It is expected that these findings
could pave the way to novel strategies to obtain cost-effective
and small-pore Ag-zeolites from nonconventional precursors
and their potential use as sustainable phosphors for white
NUV-LED devices.
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