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ABSTRACT
Luminescent materials with simultaneously high quantum efficiency and excitation-tunable emission are highly desirable for
advanced optoelectronic and information-security applications, yet remain challenging to realize within a single, lead-free
material system. Here, we report a multi-self-trapped-exciton (STE) engineering strategy in Zr-based hybrid halides, where
the deliberate introduction of Sb3+ ions reconstructs the excitonic energy landscape of a zero-dimensional host. Beyond the
intrinsic Zr-centered STE emission, Sb doping activates multiple Sb-related STE states that efficiently capture organic triplet
excitons, effectively suppressing room-temperature phosphorescence while dramatically enhancing radiative recombination. As
a result, the obtained phosphors simultaneously achieve nearly perfect photoluminescence efficiency and pronounced excitation-
dependent luminescence, with emission color continuously tunable from warm white to orange-red. A 4×8 dot matrix system for
ASCII encoding was designed using these materials, demonstrating a dynamic, time-sequential decoding process that enhances
information concealment and encryption. Finally, the materials were also incorporated into a digital display model for optical
information encryption, where a deceptive message transforms into true information under different excitation wavelengths.
This work emphasizes the attractiveness of Sb: ETPP2ZrCl6 materials for high-security applications, offering a new approach for
developing advanced optoelectronic devices and smart labels.
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Introduction

ll-inorganic lead halide perovskites have emerged as a new class
f semiconductor emitters and have attracted intense interest
rom both academia and industry over the past decade owing to
heir outstanding optoelectronic properties [1–5], including large
bsorption coefficients, tunable band gaps, high color purity, high
arrier mobilities, and high photoluminescence quantum yields
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(PLQY). However, the toxicity of lead and the intrinsic instability
of lead halide perovskites severely hinder their commercial
deployment. To address these issues, extensive efforts have been
devoted to substituting Pb2+ following design principles that
consider ionic radii, charge balance, chemical reactivity, and
structural tolerance factors. Group-14 cations Sn2+ and Ge2+ [6–
9], which share a similar ns2 electronic configuration with Pb2+,
are often regarded as ideal substitutes because their incorporation
lligence technologies or similar technologies.
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an preserve the typical three-dimensional perovskite framework
hile maintaining favorable optical properties. Nevertheless,
he relatively high energy of their ns orbitals makes Sn2+ and
e2+ highly susceptible to oxidation into Sn4+ and Ge4+ in air,
hereby destroying the ns2 configuration and causing pronounced
erformance degradation, which greatly limits their application
n optoelectronic devices.

urrently, heterovalent substitution at the B-site to construct
co-friendly and structurally stable lead-free double perovskites
ave emerged as an attractive alternative strategy. For exam-
le, introducing one tetravalent cation (e.g., Sn4+, Zr4+, Hf4+)
ogether with one vacancy to replace two Pb2+ ions can yield
ero-dimensional (0D) vacancy-ordered lead-free double per-
vskites [10–14]. Representative compounds in this family include
s2ZrCl6, Cs2SnCl6, and Cs2HfCl6. However, because half of the
ctahedral B sites are occupied by vacancies, these vacancy-
rdered structures are prone to octahedral tilting and rotation
uring phase transitions, which lowers the crystal symmetry and
esults in optoelectronic performances that still fall short of their
ead-based counterparts. On the other hand, the intrinsically
educed structural dimensionality of double perovskites often
avors the formation of self-trapped excitons (STEs), which play
pivotal role in governing and enhancing their optical properties
15–17]. For instance, Cs2HfCl6 microcrystals synthesized via a
olution method exhibit broadband blue emission arising from
TE states associated with the distortion of [HfCl6]2− octahedra
15].

s an alternative, organic-inorganic hybrid metal halides have
arnered tremendous interest owing to their rich optoelectronic
roperties and compatibility with low-cost solution processing
18–20]. Compared with all-inorganic perovskites, hybrid halides
ntegrate the advantages of organic components and inorganic
etal halide frameworks, thereby offering a broader compo-
itional and structural space for rational design. On the one
and, organic species can participate in host-guest assembly
o construct more rigid crystal lattices, effectively suppressing
onradiative relaxation processes [21, 22]. On the other hand,
rganic cations can act as independent emissive centers, impart-
ng richer photophysical behaviors and highly tunable emission
haracteristics to the materials [23–25]. For example, Quan et al.
eveloped a family of (Ph3S)2Sn1-xTexCl6 (Ph3S = triphenylsul-
onium) compounds, in which the competition between the
xcited states of organic and inorganic units enables cooperative
egulation of afterglow and STE emission [22]. Xia et al. reported
he ATPP2SnCl6: Sb3+ (ATPP = acetonyltriphenylphosphonium)
ystem that exploits multiple emissive centers to realize high-
rder information encryption [26]. These advances position
rganic-inorganic hybrid perovskites as a new generation of
ptoelectronic materials and promising lead-free alternatives to
onventional lead halide perovskites in diverse optoelectronic
nd photovoltaic applications.

ecently, Zhou et al. constructed the 0D hybrid ETPP2ZrCl6
ETPP+ = ethyl-triphenylphosphonium; Zr–Cl), in which the
igid inorganic framework promotes efficient organic room-
emperature phosphorescence (RTP) via the heavy-atom effect,
nd dynamic switching between RTP and STE emission was
ater achieved through Te4+ doping [21]. However, the PLQY
f that system remained limited to 42%, and its luminescence
of 11
regulationmainly relied on a relatively simple competitionmech-
anism between RTP and a single dopant-related STE channel.
Herein, we report the first successful incorporation of Sb3+ ions
into the ETPP2ZrCl6 lattice (Sb─Zr─Cl), achieving a notable
breakthrough in both luminescence efficiency and functional
tunability. Unlike the Te4+-doped counterpart, the introduction
of Sb3+ reconstructs the excitonic energy landscape by generating
two distinct Sb-related emissive states, STE2 (475 nm) and STE3
(640 nm), in addition to the intrinsic host STE1 (which is assigned
to the [ZrCl6] 2− centered emissive state and is centered at
∼630 nm). Although both Te4+ and Sb3+ belong to the ns2 cation
family, their roles in luminescence regulation are fundamentally
different. Te4+ mainly introduces a single dopant-related STE
channel,whereas Sb3+ can activatemultiple Sb-related STE states.
Thismulti-STEmechanismnot only boosts the PLQY to 98.6% but
also enables excitation-dependent luminescence continuously
tunable from warm white to orange-red, thereby supporting
multilevel anti-counterfeiting, optical information encryption,
and light-storage-related applications within a single lead-free
material platform.

2 Results and Discussion

A series of Sb-doped Zr─Cl samples were successfully synthe-
sized via a co-precipitationmethod, as outlined in the Experimen-
tal Section. The crystal structure of Zr─Cl was determined using
single-crystal X-ray diffraction (SCXRD), revealing a triclinic
crystal system with the 𝑃̄1 space group. The lattice parameters
are a = 10.2367(3) Å, b = 10.3969(3) Å, c = 10.8729(4) Å, and
V = 1016.48(6) Å3, with the corresponding crystallographic data
summarized in Table S1. As shown in Figure 1a, each Zr4+ ion is
coordinated by six Cl− ions, forming discrete [ZrCl6] 2− octahedra.
These octahedral units are periodically separated by bulky ETPP+

organic cations, resulting in a typical zero-dimensional (0D) host-
guest structure. Figure 1b and Table S2 present the structural
details of the ETPP+ cations and [ZrCl6] 2− octahedra, where
variations in the Zr─Cl bond lengths and Cl─Zr─Cl bond angles
indicate a slight distortion of the octahedral units. The inter-
octahedral Zr─Zr distances exceed 10 Å (Figure S1), suggesting
negligible electronic coupling between the inorganic units [21,
27–29]. Furthermore, C─H─Cl hydrogen bonds, with lengths
ranging from 2.75 to 3.724 Å (Table S3 and Figure S2), indicate
weak interactions at the organic-inorganic interfaces. To verify
the structural and chemical composition, powder XRD (PXRD),
Fourier-transform infrared (FTIR), X-ray photoelectron spec-
troscopy (XPS), and energy-dispersive X-ray spectroscopy (EDS)
mapping were performed on Sb-doped Zr─Cl. The diffraction
peaks of Zr─Cl and Sb─Zr─Cl significantly differ from those
of the ETPPCl and ZrCl4 precursors but closely match the
simulated pattern, confirming the high crystallinity and phase
purity of the as-prepared crystals (Figure S3). Additionally, a
reference ETPP2SbCl5 crystal synthesized under identical condi-
tions crystallizes in the monoclinic system with the C2/c space
group, excluding the possibility of ETPP2SbCl5 impurity phases
in the Sb─Zr─Cl samples (Figure S4). Rietveld refinement of the
powder XRD (PXRD) pattern for the Sb-doped sample (Figure
S3c and Table S4), which provides further structural support
that the doped material retains the host-derived framework
without obvious impurity phases. FTIR spectra show that the
C═C stretching vibrations of the benzene ring and the hybrid
Advanced Functional Materials, 2026
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FIGURE 1 (a) Crystal structure of Zr─Cl (brown: C; pink: H; purple: P; green: Cl; blue: Zr). (b)Molecular structure of [ETPP2]2+ (left) and detailed
view of [ZrCl6]2− octahedron (right). (c) Physics images under daylight and 254 nm excitation of ETPPCl, Zr─Cl, and Sb─Zr─Cl with different Sb3+

contents. The prompt and delayed PL spectra of (d) ETPPCl and e) Zr─Cl. Delay time: 0.1 ms. (f) The prompt PL spectrum of Sb─Zr─Cl.
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─H vibration are consistent with those observed for ETPPCl
Figure S5), confirming the structural integrity of the organic
roups in Sb─Zr─Cl. XPS analysis reveals the presence of C,
, Zr, Cl, and Sb elements (Figure S6), further verifying the
uccessful incorporation of Sb3+ ions. EDSmapping demonstrates
omogeneous distributions of P, Zr, Cl, and Sb, with a molar ratio
f P:Zr:Cl (24.1:11.6:61.6) (Figure S7), in excellent agreement with
he SCXRD result.

igure 1c presents optical images of ETPPCl, Zr─Cl, and
b─Zr─Cl crystals under natural light, ultraviolet (UV) irradi-
tion, and after cessation of UV excitation, highlighting their
istinct color-responsive behaviors. Under 254 nm illumination,
TPPCl exhibits a cyan-green emission, while the Zr─Cl crystal
mits a bright pale-red glow. In contrast, the Sb─Zr─Cl samples
dvanced Functional Materials, 2026
all show an orange-red emission. Upon turning off the UV
excitation, a visible cyan phosphorescence remains in ETPPCl,
Zr─Cl, and trace doped Sb─Zr─Cl crystals, with the Zr─Cl
sample displaying the longest-RTP duration up to 7 s (Movie
S1). The incorporation of Zr4+ not only broadens the emission
color range but also significantly extends the phosphorescence
lifetime. However, as the nominal SbCl3 feed amount increases,
the RTP emission gradually weakens and eventually disappears
for the sample prepared with 0.20 mmol SbCl3. This trend is
further corroborated by the photophysical characteristics of the
ETPP2SbCl5 crystal (Figure S8). These findings suggest that the
synergistic interaction between Zr and Sb plays a key role in
regulating both the phosphorescence and fluorescence, endowing
the material with promising potential for anti-counterfeiting and
information encryption applications.
3 of 11
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he photophysical properties of ETPPCl, Zr─Cl, and Sb─Zr─Cl
rystals were systematically investigated to elucidate the roles
f Zr4+ and Sb3+ in modulating the luminescence. Both ETPPCl
nd Zr─Cl exhibit strong deep-UV absorption, and the optical
andgap estimated from the steep high-energy absorption region
s around 4.27 eV, consistent with their colorless appearance
nder ambient light (Figure S9). The weaker low-energy absorp-
ion tail above 300 nm, especially the ∼333 nm feature in Zr─Cl,
s attributed to an intermolecular charge-transfer state [22].
nder 310 nm excitation, the prompt PL spectrum of ETPPCl
hows two prominent emission peaks at 360 nm and 490 nm
Figure 1d). Time-resolved PL (TRPL) spectra confirm the dual-
mission feature (Figure S10a). High-energy emission (∼2.7 ns)
riginates from organic singlet fluorescence, while low-energy
mission (∼0.54 s) is due to organic triplet phosphorescence
21, 30, 31]. The delayed PL spectrum shows only a broad low-
nergy band, which accounts for the visually observable cyan
hosphorescence (Figure 1c). The Zr─Cl crystal, incorporating
ptically inert [ZrCl6] [2]− units, exhibits a similar organic emis-
ion characteristic, as supported byTRPL analyses (Figures 1e and
10b,c). Additionally, Zr─Cl exhibits an additional broadband
mission centered at ∼630 nm, with a large Stokes shift of
.44 eV and a lifetime of 2.7 µs, indicating the presence of a new
uminescent center in the system (Figures S10d and S11a). The
xcitation spectra monitored at different emission wavelengths
how a continuous spectral evolution (Figure S11b): as the detec-
ion wavelength shifts from the organic-emission region toward
he STE-emission region, the organic-related excitation band
radually weakens, while the [ZrCl6]2−-related STE1 excitation
and progressively becomes dominant. This behavior supports
he coexistence of two intrinsic emissive channels associated
ith the organic-related emission and the [ZrCl6] 2−-related STE1
mission, respectively. In addition, the difference between the
LE and overall absorption spectrum is reasonable, because the
bsorption spectrum reflects all allowed optical transitions in
he material, whereas the PLE spectrum is emission-selective
nd only reflects those excitation pathways that can effectively
opulate the monitored emissive state. The orange-red emission,
haracterized by a broad full width at half maxima (FWHM:
155 nm), a large Stokes shift, and a microsecond-scale lifetime,
s consistent with STE1 emission from [ZrCl6] 2− octahedra, as
ommonly observed in halide-based systems [21, 32–34]. Notably,
r─Cl exhibits a prolonged phosphorescence (7 s) compared with
TPPCl (5 s), while its RTP quantum yield (RTPQY) increases
rom 7.81% to 33.29% (Figure S12). These results suggest that
he incorporation of [ZrCl6] 2− enhances the structural rigidity
f the ETPP+ framework [21, 26]. For Sb─Zr─Cl, an additional
bsorption broadband appears in the 310–420 nm region (which
s attributed to the Sb3+ 1S0→3P1,2 transitions), with its long-
avelength tail extending to about 580 nm, in addition to the
ntrinsic organic absorption (Figure S13a) [35, 36]. Under 310 nm
xcitation, dual broadband emissions appear at 475 and 640 nm
ith lifetimes of 9.4 ns and 4.2 µs, respectively (Figures 1f
nd S13b). Given their broad profiles, large Stokes shifts, and
istinct lifetimes, these emissions are assigned to Sb3+-related
TE recombination rather than to organic emissive species.
pecifically, the 475 nm emission (STE2) is assigned to a singlet-
erived Sb-centered self-trapped state, for which the radiative
ransition is spin-allowed and therefore has a characteristically
hort lifetime in the nanosecond range, whereas the 640 nm
mission (STE3) is assigned to a triplet-derived Sb-centered self-
of 11
trapped state, whose radiative decay is spin-forbidden and thus
exhibits amuch longer lifetime on themicrosecond timescale [31,
37–40]. This assignment is further supported by the emergence of
an additional broadband absorption band at 310–420 nm after Sb
doping, which is attributed to the Sb3+ 1S0→3P1,2 transitions. Addi-
tionally, the parent ETPPCl crystal shows organic fluorescence at
∼360 nm and organic phosphorescence at ∼490 nm, rather than
the newly appeared 475/640 nm dual emission.

To elucidate the origin of the Zr- and Sb-induced STE1, STE2,
and STE3 emissions, temperature-dependent prompt PL and
PLE spectra of ETPPCl, Zr─Cl, and Sb─Zr─Cl crystals were
measured in the temperature range of 80–300 K. As shown in
Figure 2a–c and Figure S14, the PL and PLE intensities of three
samples gradually decreased with elevation of temperature. For
Zr─Cl, excitation-dependent prompt PL spectra further revealed
that only STE1 recombination was observed under <280 nm
excitation (Figure S15), confirming the assignment of the high-
energy excitation band from intrinsic [ZrCl6]2−. The high-energy
excitation band exhibited a progressive blueshift and inten-
sity enhancement during cooling (Figure S14b), which can be
attributed to the suppression of electron-phonon coupling within
the [ZrCl6]2− octahedra at low temperatures [11, 14]. Notably,
the PLE spectra of Zr─Cl at low-energy region by monitoring
630 nm emission closely resembled those of ETPPCl, especially at
elevated temperatures (The dotted rectangle is marked in Figure
S14b). Meanwhile, compared with ETPPCl, the ratio of singlet-
fluorescence/triplet-phosphorescence in Zr─Cl is significantly
smaller (Figure S16). All these results indicate an ET process
from the organic single-excited state to STE1. To validate this ET
process, a series of ETPP2Zr1-xSnxCl6 crystals was synthesized,
and the evolution of their singlet fluorescence and lifetimes
were investigated. With increasing Zr4+ content, the organic
fluorescence gradually decreases, whereas the [ZrCl6]2−-related
STE1 emission enhances, accompanied by a lifetime decrease
from 2.55 to 1.96 ns (Figure S17). These results provide compelling
evidence for ET from the organic component to STE1.

To elucidate the influence of Sb doping on the electron-phonon
interaction, the temperature-dependent FWHM of each emission
band was fitted individually in Zr─Cl and Sb─Zr─Cl using the
Fröhlich longitudinal optical phonon broadening model (Figure
S18) [41].

Γ (T) = Γ0 + ΓLO∕(e
𝜂𝜔LO∕kBT − 1

where kB, Γ0, ΓLO, and 𝜂𝜔LO represent the Boltzmann constant,
temperature-dependent broadening, electron-phonon interac-
tion, and optical phonon energy, respectively. The fitted results
show that the values of ΓLO increase from 12.5± 0.6meV (STE1) to
19.7± 16.7/256.2± 13.2meV (STE2/STE3), while the values of 𝜂𝜔LO
increase from 2.6 ± 0.1 meV (STE1) to 9.6 ± 7.6/35.5 ± 0.2 meV
(STE2/STE3) after Sb3+-doping. Although the ΓLO value of STE3 is
relatively large, such a strong effective electron-phonon coupling
energy is still physically reasonable for highly self-trapped emis-
sive stateswith pronounced lattice relaxation. Similar large values
have also been reported in related Sb-based low-dimensional
halides; for example, the electron-phonon coupling energy of Sb-
doped BTPP2ZnCl4 was reported to be 366 meV [40]. Therefore,
the extracted ΓLO values should be regarded as effective fitting
parameters and usedmainly for comparative analysis.Within this
Advanced Functional Materials, 2026
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FIGURE 2 Temperature-dependent prompt PL spectra of (a) ETPPCl, (b) Zr─Cl, and (c) Sb─Zr─Cl. (d) Prompt PL spectra and intensity ratios of
640 to 490 nm for ETPPCl, Zr─Cl, and Sb─Zr─Cl samples prepared with 0.01, 0.05, 0.10, and 0.15 mmol SbCl3 feed amounts, respectively. (e) RTPQYs
and PLQYs of, Zr─Cl, and Sb─Zr─Cl with different nominal SbCl3 feed amounts. (f) CIE coordinates of ETPPCl, Zr─Cl, and Sb─Zr─Cl.
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ramework, the consistently larger ΓLO values for STE2 and STE3
han for STE1 still reliably indicate relatively stronger electron-
honon interaction in the Sb-related emissive centers, which is
onsistent with their more pronounced self-trapping character.
herefore, the stronger electron-phonon interaction facilitates
ore carrier localization into the STE2/STE3 states, making
he PL predominantly governed by Sb3+-related STE emissions
21]. Moreover, the excitation/absorption spectra of Sb─Zr─Cl
hows significant overlap with the emission band of the organic
omponent (Figure S19a), indicating that the ET process from the
rganic excited states to Sb-related states becomesmore favorable.
onsistent with this interpretation, the phosphorescence and
inglet fluorescence lifetimes gradually shorten from 0.66 to 0.13 s
nd 19.96 to 1.62 ns, respectively, with increasing Sb3+ doping con-
entration (Figure S19b,c). Therefore, Sb-related states provide
more competitive energy-accepting pathway than the original
ost STE1 channel. As shown in Figure 2d, time-resolved delayed
L spectra reveal that the RTP intensity gradually decreases with
ncreasing Sb doping content, consistent with the observations
resented in Figure 1c.Moreover, the intensity ratio of the 640 nm
mission to the 490 nm emission increases from 0.16 to 2.11 with
ncreasing Sb3+ concentration, further supporting the enhanced
ontribution of Sb-related STE emission (Figure 2d). As ET from
he organic excited states to the Sb-related self-trapped manifold
ecomes more efficient, a competitive relationship emerges
etween Sb-related STE emission and RTP. With increasing Sb3+
oping concentration, the RTPQY gradually decreases, whereas
he PLQY markedly increases and reaches nearly 100% for the
ample prepared with 0.10 mmol SbCl3 (Figure 2e). This optimal
alue is attributed to the best balance between activation of
dvanced Functional Materials, 2026

a

Sb-related emissive STE channels and the onset of overdoping-
induced nonradiative quenching at higher Sb feed amounts. At
low nominal SbCl3 feed amounts, the density of Sb-centered
emissive states is insufficient to efficiently harvest excitons from
the organic component, whereas excessive Sb addition is expected
to introduce concentration quenching and additional nonradia-
tive decay pathways. In addition, inductively coupled plasma
optical emission spectrometry (ICP-OES) analysis performed on
the optimized sample prepared with a nominal SbCl3 addition of
0.10mmol confirms successful incorporation of Sb, with an actual
Sb content of 2.28% (Table S5). The CIE chromaticity coordinates
of these materials clearly illustrate their unique luminescence
characteristics (Figure 2f).

To further elucidate the origin of the luminescence evolution
induced by Sb3+ doping, first-principles calculations were per-
formed for Zr─Cl and Sb─Zr─Cl. As shown in Figure 3a, pristine
Zr─Cl exhibits an almost flat and discrete band structure with a
bandgap of 3.64 eV, indicative of weak intermolecular coupling
in this low-dimensional system [40]. The projected density of
states (PDOS) analysis reveals that the valence band maximum
(VBM) is mainly composed of Cl-p and C-p orbitals, whereas the
conduction band minimum (CBM) is primarily derived from the
C-p orbitals of the organic ligands together with Zr-d orbitals
(Figure 3c). After Sb3+ incorporation, hybridization between Sb-
s and Cl-p orbitals generates a new antibonding state above
the original VBM (Figure 3b), thereby narrowing the bandgap
to 2.10 eV. The newly formed VBM is dominated by Cl-p and
Sb-s characters, while Sb-p states emerge near the conduction-
band edge above the Zr-d states (Figure 3d), consistent with the
5 of 11
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FIGURE 3 Electronic band structures and corresponding projected density of states (PDOS) of (a,c) Zr─Cl and (b,d) Sb─Zr─Cl, respectively. (e)
Charge density isosurface of CBM and VBM for host-related and Sb-doped Zr─Cl. (f) Schematic illustration of the photophysical mechanism in Zr─Cl
and Sb─Zr─Cl, highlighting the host-related STE1 pathway and the Sb-induced self-trapped excited-state composed of STE2 and STE3.
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xperimentally observed absorption in the 310–420 nm region.
oreover, after Sb3+ substitutes for Zr4+, the band-edge charge
ensity becomes strongly localized on the Sb atom and its
urrounding Cl atoms (Figure 3e), with this localization being
articularly pronounced at the valence-band edge. This indicates
hat photoexcited carriers preferentially localize around the Sb-
entered coordination polyhedron, thereby promoting exciton
ocalization and self-trapping, which is consistent with previous
of 11
reports on related Sb-doped halide systems [39, 42]. Meanwhile,
the introduction of Sb dopants also induces slight structural
distortion of the inorganic [ZrCl6]2– octahedra (Figure S20), as
reflected by the changes in bond lengths and bond angles relative
to the undoped ETPP2ZrCl6 host (Table S6). These results indicate
that Sb doping not only perturbs the local octahedral geometry
but also creates a more favorable self-trapping center, which is
consistent with the experimentally observed evolution fromweak
Advanced Functional Materials, 2026
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ost-related STE emission to dominant Sb-related STE emission.
herefore, the two Sb-related emissive states are more reasonably
ssigned to distinct relaxed excited-state branches associatedwith
he Sb-centered excited-state manifold, rather than to different
ahn-Teller distortion modes of the same excited state.

ased on the above discussion, we propose a schematic diagram
f the photophysical mechanism as shown in Figure 3f. In
r─Cl, photoexcitation promotes energy absorption by organic
hromophores, driving electrons from the ground state (S0)
o the singlet excited state (S1). Subsequently, some electrons
eturn to S0 via radiative transition, generating nanosecond-
cale singlet fluorescence, and another fraction enters the triplet
tate (Tn) through intersystem crossing (ISC) and releases cyan
hosphorescence [22, 43, 44]. At the same time, exciton-phonon
oupling within the [ZrCl6]2− unit induces self-trapping and
eads to the formation of the host-related STE1 state. As a
esult, part of the excitation energy can also be transferred from
he organic component to STE1, giving rise to the host-related
TE1 recombination. For Sb─Zr─Cl, Sb doping reconstructs the
xcited-state landscape and creates an Sb-related self-trapped
xcited-state manifold composed of STE2 and STE3. Owing to
he newly introduced Sb-related absorption channel, the stronger
lectron-phonon interaction of the Sb-related emissive centers,
nd the enhanced localization tendency around the Sb-centered
luster, energy transfer from the organic excited states becomes
ore favorable toward this Sb-related manifold than toward the
riginal host STE1 pathway. After population enters this Sb-
elated manifold, redistribution between the higher-energy STE2
nd the lower-energy STE3 branch gives rise to the experimentally
bserved dual Sb-related emissions. As a result, the competing
TP pathway is progressively suppressed, while the Sb-related
TE emission is markedly enhanced, leading to the observed
ncrease in PLQY.

he as-synthesized crystals exhibit exceptional long-term stabil-
ty. The material demonstrates exceptional structural and optical
tability, as evidenced by the negligible alteration in both its
RD patterns and luminescence spectra after six months of
ir exposure (Figure S21a,b). The activation energies of the Sb-
elated emissive states were estimated by fitting the temperature-
ependent PL intensity using the following formula (Figure S21c):

𝐼 (𝑇) =
𝐼0

1 + 𝐴exp
(
− 𝐸𝑎

𝑘𝐵𝑇

)

here I0 is the initial PL intensity, A is a fitting constant, kB
s the Boltzmann constant, and T is the temperature. Here, Ea
enotes the apparent activation energy associated with thermally
ctivated non-radiative quenching. The obtained values are Ea2
112 meV for STE2 and Ea3 = 79 meV for STE3. Although

hese values are not exceptionally large in an absolute sense,
hey are still significantly higher than the thermal energy at
oom temperature (∼26meV), indicating that thermally activated
uenching is effectively suppressed under ambient conditions
nd supporting the good thermal stability of the STE emission.
urthermore, the emission intensity remains largely unchanged
cross multiple heating-cooling cycles between 30 and 90◦C,
onfirming its excellent thermal stability and reversibility (Figure
dvanced Functional Materials, 2026
S21d). In addition, we further assessed the photostability of
Sb─Zr─Cl under continuous UV irradiation. As shown in Figure
S21e, the luminescence intensity remains essentially unchanged
after prolonged UV excitation, revealing negligible photoinduced
degradation. Such excellent photostability, combined with its
long-term air stability and thermal stability, highlights the suit-
ability of thismaterial for LEDencapsulation and practical optical
encryption applications.

Taking advantage of the Sb3+-induced color tunability and the
broad lifetime manifold spanning nanosecond fluorescence to
second-scale phosphorescence, this material system is particu-
larly well suited for time-gated optical information encryption
and anti-counterfeiting. We designed a 4 × 8 dot matrix ASCII
(American Standard Code for Information Interchange, Table
S7) encoding system based on ETPPCl, Zr─Cl, 0.01 mmol,
and 0.20 mmol Sb3+-doped Zr─Cl materials (Figure 4a). In
this system, luminescent points are assigned the value “1”,
while non-luminescent points are assigned the value “0”. Under
254 nm excitation, all points emit light, forming a meaningless
binary (BIN) code as initial interference information. After
the UV light is turned off, time-resolved decoding reveals dis-
tinct stages: the pattern decodes to the misleading character
“IKUN” at 0.5 s; at 5.00 s, a new BIN code converts to
“9882” following decimal (DEC) decoding rules; and by 7.0 s,
it further decodes into “0802”. Integrating the results from
these three time points yield the complete concealed message
“IKUN98820802”. This multilevel time-sequential encoding strat-
egy based on differences in luminescence lifetimes significantly
improves information concealment and encryption strength,
making it more difficult to crack without authorization than
conventional static fluorescent tag technology, thereby greatly
improving information security. As shown in Figure 4b, we
also constructed a patterned encoding system. ETPPCl, Zr─Cl,
and Sb─Zr─Cl (0.20 mmol Sb) were combined to form a com-
posite pattern in the shape of the number “8888” to verify
its multidimensional decoding capability under luminescence
responses. The decryption process consisted of three stages:
(1) Under natural light, three materials appear colorless, dis-
playing “8888” as the first-layer visual information; (2) Under
254 nmUV excitation, different regions emit distinct fluorescence
colors, with pale red emission forming the letter “COOL” as
the second encoding layer; and (3) after excitation stopped,
the phosphorescent regions exhibit a cyan phosphorescence,
transforming the pattern into “0006” as the third-layer hidden
information. This three-stage dynamic pattern-decoding design
not only reflects the color tunability enabled by Sb doping but
also highlights the potential of such materials for multilevel
information encryption and high-security anti-counterfeiting.
By precisely orchestrating the spatiotemporal response char-
acteristics of fluorescence and phosphorescence, a time-space
dual-dimensional information carrier is realized, offering a
new approach for developing smart labels and high-security
identification technologies.

Sb─Zr─Cl exhibits tunable luminescence ranging from warm
white to orange-red under different excitation wavelengths
(Figure 5a). As the excitation wavelength shifts from high- to
low-energy region, the broadband orange-red gradually inten-
sifies and ultimately dominates the emission. The excitation-
dependent emission spectra clearly show dual-band emission
7 of 11
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FIGURE 4 (a) Schematic illustration of the encryption and decryption processes based on the time-resolved anti-counterfeiting. (b) Photographs
of the 8888-shaped patterns based on ETPPCl, Zr─Cl and 0.20 mmol Sb─Zr─Cl under daylight, 254 nm UV on, and UV off.
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nder high-energy excitation (300–360 nm), whereas only the
range-red emission band is observed under longer-wavelength
xcitation (>360 nm; Figure 5b and Figure S22). This evolution
an be quantified by the significant increase in the I640 nm/I490 nm
atio with a red-shifting excitation wavelength (Figure 5c), which
s further corroborated by the corresponding shift in the CIE
oordinates (Figure 5d). Notably, such a pronounced dual-band to
ingle-band redistribution is observed only after Sb incorporation,
roviding further support that the long-wavelength emission in
b─Zr─Cl belongs to the Sb-induced STE3 emission rather than
o the original host STE1 alone. In fact, accurate modulation of
of 11
the excitation wavelength enables a dynamic redistribution of
populations between these two independent STE states, thereby
facilitating tunable luminescence [32, 38]. This accounts for the
observation of only a single broad emission band under lower-
energy excitation. To evaluate whether the high efficiency is
maintained under different excitation wavelengths, the PLQY of
the optimized Sb─Zr─Cl sample was further measured over an
excitation range of 280–370nm (Figure S23). The results show that
PLQY remains above 90% even at longer excitation wavelengths
and is maintained at ∼98% in the main excitation range of
310–325 nm. These results indicate that the near-unity lumines-
Advanced Functional Materials, 2026

tive C
om

m
ons L

icense



FIGURE 5 (a) Photographs of Sb─Zr─Cl under UV illumination of different wavelengths. (b) Normalized prompt PL spectra of Sb─Zr─Cl under
different excitations. (c) Excitation-dependent prompt PL intensity ratio of I640 nm/I490 nm for Sb─Zr─Cl. (d) CIE coordinates of Sb─Zr─Cl. (e,f) Emission
spectra of LEDs fabricated by integrating commercial 310/365 nm chips with Sb─Zr─Cl. Inset: Photograph of the working LEDs and strawberry under
LED irradiation. Demonstration of practical applications in (g) anti-counterfeiting and (h) information encryption.
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ence efficiency is well preserved across the excitation window
elevant to the observed excitation-tunable emission. Owing
o this distinctive excitation-dependent emission, Sb─Zr─Cl
emonstrates potential for applications in solid-state light-
ng, optical information encryption, and anti-counterfeiting. By
ntegrating commercial UV chips with Sb─Zr─Cl phosphors,
olor-tunable light-emitting diodes (LEDs) were successfully
abricated. As shown in Figure 5e,f and Figure S24, the LED
evice with a 310 nm chip emits warm white light with CIE
oordinates of (0.41, 0.34) and a correlated color temperature
CCT) of 2835 K, while the device equipped with a 365 nm chip
dvanced Functional Materials, 2026
produces orange-red emissionwith CIE coordinates of (0.56, 0.41)
and a CCT of 1777 K. To further demonstrate its capability in
information encryption, we constructed a digital display model
composed of Sb─Zr─Cl and Sr0.85Ca0.15AlSiN3:Eu3+. Under visible
light or 365 nm UV light, the pattern appears as a deceptive
message “8888”, while under 310 nm excitation, it reveals the true
information “2025” through white emission (Figure 5g). Further-
more, the quick response code coated with Sb─Zr─Cl phosphors
display distinctly readable white and orange-red fluorescence
under different excitation wavelengths. These signals are readily
captured by commondetection devices and have andhave already
9 of 11
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een exploited for patterned display on the official website of
ujian Normal University (Figure 5h).

Conclusion

ere, we report a series of Sb─Zr─Cl hybrid metal halides,
emonstrating precise modulation of their structural and pho-
ophysical properties. The Zr─Cl host crystal adopts a zero-
imensional structure composed of isolated [ZrCl6]2− octahedra
nd bulky ETPP+ cations. Strong exciton-phonon couplingwithin
he inorganic units induces Jahn-Teller distortion, leading to the
eneration of STE1 emission, while the organic ETPP+ cations
ontribute long-lifetime phosphorescence. The incorporation
f Sb3+ dopants creates two distinct Sb-centered self-trapped
tates, STE2 and STE3, which originate from two different
elaxed excited-state branches of the Sb-excited-state manifold
nd efficiently capture organic triplet excitons via the ET pro-
ess, thereby suppressing RTP and significantly enhancing the
LQY to nearly 100%. Temperature- and excitation-dependent
nalyses reveal that this emitting behavior of the Sb─Zr─Cl
esults from a dynamic competition between organic phospho-
escence, Zr-related STE1, and Sb-related STE2/STE3 emissions,
nabling precise control over emission color, lifetime, and
uantum efficiency. The resulting materials exhibit distinctive
xcitation-dependent luminescence spanning from warm white
o orange red, making them ideal for color-tunable LEDs with
xcellent chromatic adjustability. Beyond optoelectronic perfor-
ance, the combination of long-lifetime phosphorescence and
xcitation-dependent emission facilitates advanced information
ncryption and anti-counterfeiting functionalities. By leveraging
uminescence lifetime-dependent time-sequential decoding and
atterned emission control, multilevel dynamic optical encoding
as achieved, offering a powerful platform for light storage,
ntelligent labeling, and high-security authentication.
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