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1. Introduction
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3D printed water-stable Cd-doped Cs;MnBi,Cl;,/
polylactic acid perovskite/polymer composites for
high-flux X-ray scintillation

Amr Elattar, @2 *® Abdullah Al Noman,? Akil Dyson,® J. S. Raaj Vellore Winfred, (2°
Burak Guzelturk, &2 € Logan T. Kearney, Adrienn Maria Szucs {2 € and
Tarik Dickens*®

Stable and efficient X-ray scintillators are crucial for medical diagnostics, industrial, and defense applications.
However, conventional scintillator technologies face a trade-off between stability, optimal performance, and
sustainability. Herein, we introduce 3D-printed CssMnBi,Cly, (Perol) and Cs4CdgegMng32BioCli, (Pero?)
perovskite microcrystals embedded within a polylactic acid (PLA) polymer composite as X-ray scintillators,
combining efficiency, stability, and sustainability. The orange luminescent perovskite powder phosphors
exhibited poor water stability, which was successfully addressed through incorporation into PLA via filament
extrusion and fused deposition modeling (FDM) 3D printing. The resulting composite films demonstrated
remarkable water stability while maintaining uniform orange emission throughout the polymer matrix, as
confirmed by 3D topography scanning and X-ray fluorescence mapping. Structural characterization revealed
minimal chemical interaction between the perovskite and PLA matrix, with the composites retaining their
crystalline properties. The PLA-Pero2 composite exhibited superior optical properties, with a photo-
luminescence quantum yield of 47%, nearly 17 times higher than that of PLA-Perol (2.8%), attributed to the
effective suppression of non-radiative decay pathways through Cd2* doping. Under hard X-ray irradiation at
synchrotron beamlines, both composites exhibited excellent radioluminescence, with emission peaks at
605 nm, a linear response across a wide X-ray flux range, and remarkable radiation stability, showing less than
3% intensity degradation after 600 seconds of continuous high-dose exposure. The PLA-Pero2 composite
achieved a spatial resolution of 5 line pairs per millimeter and a contrast ratio of 0.255. These performance
metrics, combined with the polymer's biodegradability and scalability through additive manufacturing, position
PLA-based composites as a more sustainable alternative to conventional petroleum-based polymer scintillators
for next-generation medical imaging, radiation monitoring, and industrial radiography applications.

charge carrier mobility, and excellent photoluminescence
quantum yields."' ™ Despite the significant features of HP

Halide perovskites (HPs) have emerged as groundbreaking
materials across diverse applications, including solar cells,"?
photodetectors,>™ light-emitting diodes,*” and X-ray scintill-
ators®° due to their exceptional optoelectronic properties such
as high absorption coefficients, bandgap tunability, superior
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materials as X-ray scintillators including high light yields, fast
decay times, and efficient radioluminescence conversion, mak-
ing them highly attractive for medical imaging and radiation
detection systems,'®"” the practical implementation of pristine
halide perovskites is hindered by several challenges including
moisture sensitivity,"®° thermal instability,”"**> processing
difficulties,>** and poor mechanical stability>>?® that limit
their direct application in real-world scintillation devices. Con-
sequently, there is an ongoing search to address these limita-
tions through developing perovskite/polymer composites
scintillators that combine all essential attributes of an effective
scintillator: improved spatial resolution and processability."®
Several polymers have been developed for use in perovskite
composite-based X-ray scintillators, including polymethyl
methacrylate (PMMA),>’*° polystyrene (PS),>*> polybutyl
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methacrylate (PBMA),*® polyvinylidene fluoride (PVDF),***
and polydimethylsiloxane (PDMS).>***” While these polymers
offer advantages such as good thermal stability, flexibility,
and high optical transparency, they are not considered envir-
onmentally sustainable. This is primarily due to their non-
biodegradability—petroleum-based polymers (PMMA, PS, and
PBMA), silicon-based polymers (PDMS), and fluorine-based
polymers (PVDF) are extremely persistent in the environment
and challenging to recycle. Compared to these polymers, poly-
lactic acid (PLA), a thermoplastic aliphatic polyester derived
from renewable resources, demonstrates superior environmen-
tal sustainability, biocompatibility, and processability while
maintaining excellent chemical stability necessary for practical
scintillation applications.*®3° The integration of PLA with HPs
materials has gained considerable attention in recent litera-
ture. Tabbassum et al. developed a highly stable FAPbBr;/PLA
nanofibrous membrane using the electrospinning method.*’
Moreover, a 3D-printed CsPbBr;/PLA film, with a thickness of
600 pm, has demonstrated a promising candidate for X-ray
scintillation.*!

Lead-free Cs,MnBi,Cl;, double perovskite, with structure
A,MM'X,, where Cs occupies the A-site, Mn*>* and Bi**
occupy the metal sites, and Cl serves as the halide, exhibits
excellent chemical stability compared to conventional
lead-based perovskites.*> Owing to the effective energy transfer
from [BiClg]’~ octahedron donor to [MnCls]*” acceptor,
Cs;MnBi,Cl;, was shown to be a phosphor with an efficient
orange emission at 610 nm, with photoluminescence quantum
yield (PLQY) of up to 25.7%, making it a good candidate as a
soft X-ray scintillator.** The incorporation of Mn>" ions intro-
duces d-d transitions that contribute to the material’s scintilla-
tion properties, while the Bi** ions provide heavy atom effects
beneficial for X-ray absorption, making Cs,MnBi,Cl,, an attrac-
tive candidate for radiation detection applications with reduced
toxicity concerns compared to lead-based alternatives. It has
been recognized that the introduction of lanthanides (La*")
and indium (In**) as dopants into Cs,MnBi,Cl;, can effectively
tune its optoelectronic properties.***> Moreover, Cd**-doped
Cs4MnBi,Cl;, was reported to enhance the PLQY to 57%.*°

In this work, we present a thorough investigation of a 3D
printed Cd-doped Cs,;MnBi,Cl,,/PLA composite film for X-ray
scintillation applications, combining the structural stability of
the lead-free double perovskite with the exceptional processa-
bility and biocompatibility of PLA polymer matrix. We demon-
strated the successful incorporation of perovskite microcrystals
into PLA filament and their suitability for the fused deposition
modeling (FDM) 3D printing process. We characterize the
structural, thermal, and optical properties, as well as the
long-term stability of the 3D printed composite film under
water exposure. Additionally, we evaluate its X-ray scintillation
performance, including imaging, linearity measurements, and
spatial resolution assessment under X-ray irradiation. This
research aims to establish a new paradigm for sustainable,
durable, and efficient X-ray scintillation devices through the
integration of lead-free perovskites with additive manufactur-
ing technologies.
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2. Experimental
2.1.

Cesium chloride CsCl (>99%), Cadmium oxide CdO (>99%),
manganese(u) oxide MnO (>99%), bismuth(m) oxide Bi,O;
(=99%), as raw materials were purchased from Sigma-
Aldrich. Polylactic acid PLA granules were purchased from
3Devo. Hydrochloric acid (HCl, 37%) was used as the
solvent for the perovskite microcrystals preparation. Isopropyl
alcohol (IPA) was used for washing the perovskite microcrys-
tals. All reagents and solvents were used without further
purification.

Chemicals

2.2. Synthesis of perovskite microcrystals

The preparation of Perol and Pero2 followed the literature
procedure with some modification.*® To prepare Pero1, 1 mmol
of MnO and 1 mmol of Bi,O; were dissolved in 4 mL of
HCl at room temperature, while stirring magnetically. For
Pero2, 0.32 mmol of MnO, 0.68 mmol of CdO, and 1 mmol of
Bi,O; were dissolved in the same 4 mL of HCI. After these
initial solutions were prepared, 4 mmol of CsCl, dissolved
in 1 mL of HCl, was added, resulting in the formation of
perovskite precipitates. The precipitates were then washed
with isopropyl alcohol (IPA), leading to the formation of
Perol/Pero2 microcrystals. The final samples were dried at
70 °C.

2.3. Preparation of PLA-Pero composite filament

PLA granules were mixed with 5 wt% perovskite powder to
prepare the composite filaments. The mixture was processed
using the 3Devo Filament Maker, a high-precision filament
production system designed for small-scale material develop-
ment, with a 1.75 mm diameter. The equipment enabled
precise temperature and extrusion control, ensuring the uni-
form dispersion of perovskite particles within the PLA matrix.
This step is critical to achieving consistent mechanical and
functional properties in the final filament.

2.4. Preparation of 3D printed PLA-Pero composite

The resulting composite filaments were subsequently
used to fabricate 3D printed PLA-Pero composites using fused
deposition modelling (FDM) 3D printer (nscrypt-300).
The bone structure shown in Fig. le serves as a proof-of-
concept for complex geometries, while the flat square films

in Fig. 1f were specifically designed for scintillation
characterization.
2.5. Characterization

Raman measurement was performed using a Reinshaw, Inc.
invia Raman microscope in the range of 50-3500 cm ™", using
785 nm edge laser. The X-ray diffraction (XRD) measurements
for PLA and PLA-perovskite composite films were performed
using the Rigaku SmartLab diffractometer with Cu Ko radiation
operating at a voltage of 40 kV and a current of 45 mA. X-ray
scattering measurements were collected on a Xeuss 3.0 (Xenocs,
France) equipped with a D2+ MetalJet X-ray source (Ga Ko,
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Fig.1 CssMnBi,Cly, (a) and Cd-doped CssMnBi>Cly, (b) perovskite powders prepared via HCl method, under white and UV light. (c) Crystal
structure of CsyMnBiCly, perovskite. The PLA/perovskite composite filament (d) and 3D printed bone structure (e) are shown under white
and UV light. The 3D printed thick films of PLA, PLA-Perol, and PLA-Pero2 composites (f) are demonstrated under white and UV light. 3D
Topography scan of the printed PLA/Perol (g) and PLA/Pero2 (i) films. Distribution of Perol (h) and Pero2 (j) microcrystals within the PLA matrix.

“Scale bar = 1 cm”.

9.2 keV, / = 1.3414 A). Printed polymer layers were adhered to
the solids sample holder, aligned perpendicular to the direc-
tion of the incident beam (transmission mode), measured for
3 min and 20 min at sample-to-detector distances of 47 and
900 mm, respectively. All measurements were taken following
calibration with a LaB, standard. 2D images of the scattering
patterns were collected on a Eiger 2R 4 M hybrid photon
counting detector with a pixel dimension of 75 x 75 pm?’
(Dectris, Switzerland). TGA and DSC thermal analysis were
obtained using Universal V4.5A TA Instruments. The tempera-
ture was ramped at a rate of 10 °C min ' under N, flow at
60 ml min~'. Micro X-ray fluorescence (microXRF) data were
collected using a Bruker M4 Plus Micro-XRF spectrometer,
equipped with a Rh X-ray source operating at 50 kV and
600 pA. The spot size was 20 pm. 3D CT scanning was
collected using Rigaku CT Lab HX. The PLQY measurements
were performed using Quantaurus C11347 spectrometer.
Temperature-dependent PL measurements were carried out
using LP980 transient absorption spectrometer (Edinburgh
instruments) with Oxford Optistat DN cryostat. TRPL measure-
ments were performed using the same instrument, with an
excitation wavelength of 350 nm and an emission wavelength of
615 nm. PLE spectra were acquired using a Horiba Fluoromax 4
with an emission wavelength of 615 nm. Water immersion
stability testing was conducted at room temperature for 24
hours in deionized water. The samples were completely

802 | Mater. Chem. Front., 2026, 10, 800-810

submerged, and their structural and optical properties were
evaluated before and after water immersion.

2.6. Radioluminescence measurements

Radioluminescence measurements were performed at the
Beamline 7-ID-B of the Advanced Photon Source. Measure-
ments were collected when APS was operating in a 216 bunch
mode with 200 mA total ring current. To monochromatize the
X-ray beam, (111) silicon pair monochromator was used. X-ray
energy was set to 15.5 keV. X-ray flux (photons per s) impinging
on the sample was calibrated using an ion chamber with a 6 cm
path length located just before the sample. The size of the X-ray
beam on the sample was measured using an X-ray eye with a
calibrated CCD camera. The beam size was 700 pm (horizontal)
by 900 um (vertical). X-rays arrived the sample surface through
surface normal. The RL spectra were collected on the front face
of the samples with a multimode fiber (core size: 1.5 mm) with
a collimating lens adapter. The end of the fiber was fed into an
Andor Shamrock spectrometer with a grating of 150 lines per
mm and Blaze wavelength of 500 nm. The spectrometer had a
Peltier cooled Andor CCD camera for detection. Input slit of the
spectrometer was set to be 20 pm. Stability measurements were
performed by collecting data at finite time interval with Andor
Solis software under fixed X-ray flux. For linearity measure-
ments, X-ray flux was controlled by a combination of four
different thickness Mo filters to attenuate the X-ray flux at

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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varying steps. For the imaging experiment, Mitutoyo 1x objec-
tive and FLIR Blackfly S camera were used to image the
scintillator samples when a resolution test pattern was inserted
between the scintillator screen and the X-ray source. We used a
test pattern (Type-39) obtained from Supertech X-ray.

3. Results and discussion

3.1. Synthesis of 3D printed perovskites/PLA films and their
underwater stability

As discussed previously,”>*° the perovskite powder Cs,;MnBi,Cl;,

(Pero1) was synthesized using the hydrochloric acid (HCI)
method, utilizing starting materials of MnO and Bi,O; which
were dissolved in HCL To this solution, a pre-dissolved CsCl in
HCl was added, resulting in the precipitation of a white perovskite
powder denoted as Perol. Similarly, the perovskite powder
Cs,4Cdy 6sMny 3,Bi,Cly, (Labeled as Pero2) was prepared using
the same procedure, with the inclusion of CdCl, among the
starting materials. Following centrifugation and washing with
isopropyl alcohol (IPA), the perovskite powders were dried at
70 °C. Under white light, the perovskite powders exhibit a white
color, while under UV light, Pero2 displays more intense orange
emission than Perol, as shown in Fig. 1a and b. According to the
literature,”*” both perovskites possess rhombohedral crystal
structures characterized by alternating octahedra of [BiCle]>~
and [MnClg]*", as depicted in Fig. 1c. Both perovskite powder
samples exhibited poor stability when exposed to water. When

View Article Online
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subjected to water, the orange emission of the perovskite powder
diminished, as illustrated in Fig. 2a and b. Consequently, pristine
perovskite is unsuitable for future applications in harsh environ-
ments. To address this issue, additive manufacturing was
employed to enhance the stability of perovskite for greater valida-
tion and applicability under challenging conditions. Specifically,
5 wt% of perovskite powder was blended with polylactic acid (PLA)
polymer granules using the 3Devo filament maker, without the
addition of any solvent. The result was a highly flexible, white
filament with a diameter of 1.75 mm (Fig. 1d). It is important to
note that increasing the perovskite content beyond 5 wt% led to
the formation of rigid, brittle filaments that exhibited poor
extrudability and compromised the 3D printing process due to
inadequate flexibility for proper material flow through the printer
nozzle. Under UV light, this filament displayed an orange emis-
sion evenly across its surface, confirming the homogenous dis-
tribution of perovskite microcrystals embedded within the PLA
matrix. Following the production of the filaments, they were
utilized through nscrypt for 3D printing various shapes. As
illustrated in Fig. 1e, the 3D printed dog bone structure emits a
uniform orange glow under UV light. Additionally, to investigate
the scintillation properties of the PLA-perovskites, we prepared
3D-printed films, as demonstrated in the supplemental video V1.
The printed PLA films initially appear white; however, they exhibit
noticeable darkening with the incorporation of perovskite micro-
crystals, as shown in Fig. 1f. Under 365 nm ultraviolet (UV) light,
the emission characteristics of the films differ significantly. The
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Fig. 2 Structural and vibrational characterization of perovskite powders and PLA composite films before and after water immersion stability testing.
Digital photographs of perovskite powders and PLA-perovskite composites before (a) and (c) and after (b) and (d) water immersion treatment,
respectively. X-ray diffraction (XRD) patterns (e) and Raman spectra (f) of perovskite powders before and after water immersion. 1D Wide-angle X-ray
scattering (WAXS) patterns (g) and Raman spectra (h) of PLA and PLA-perovskite composite films before and after water immersion.
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PLA film emits an intense blue light, while the PLA-Perol and
PLA-Pero2 films display orange and deep orange emissions,
respectively. To explore the distribution of perovskite microcrys-
tals within the PLA matrix, a 3D topography scan was conducted.
As demonstrated in Fig. 1g-j and Videos SV2-SV3, both PLA-
perovskite films revealed a uniform distribution of perovskite
microcrystals within the PLA matrix, aligning with the consistent
orange emission. It should be noted that the average particle size
of PLA-Perol and PLA-Pero2 is 500 um and 800 um, respectively.
Remarkably, the 3D-printed films have shown enhanced stability
in water, maintaining their emission under UV light without any
degradation, as illustrated in Fig. 2c and d and the Video SV4.
Owing to the existence of the PLA matrix, the perovskite micro-
crystals embedded within it have retained their chemical and
optical properties. X-ray fluorescence (Micro-XRF) mapping was
conducted for PLA-perovskite films for qualitative identification of
perovskite elements embedded within the PLA matrix, as shown
in Fig. S1. Micro-XRF mapping confirms the presence of Cs, Mn,
Bi, Cl, and Cd elements through the perovskite structure as
demonstrated in supplemental Table S1.

3.2. Structural properties

We characterize the structural properties of the PLA/perovskite
composites, including XRD, Raman, SAXS, and WAXD measure-
ments. The X-ray diffraction patterns (Fig. 2e) reveal significant
structural modulation in both perovskite powders following
water immersion treatment. The pristine Perol and Pero2
samples exhibit well-defined diffraction patterns characteristic
of their respective rhombohedral crystal structures of
Cs;MnBi,Cl;, (Perol) and Cd-doped Cs;MnBi,Cl;, (Pero2)
materials. Owing to the smaller effective ionic radius of Mn
(80 pm) compared to Cd (95 pm), the diffraction peak positions
slightly shifted toward smaller angles, that is, a larger d-space,
due to the crystal lattice expansion with an increase in the Cd
content.*® The water-treated samples (Pero1-W and Pero2-W)
exhibit the emergence of additional diffraction peaks marked
with “#” symbols, indicating the formation of distinct second-
ary phases resulting from hydrolytic decomposition of the
perovskite structure. This water-induced degradation leads to
the breakdown of the halide perovskite framework, generating
decomposition products that include metal chloride hydrates
and tetragonal bismuth oxychloride (BiOCl) formed through
the hydrolysis of [BiCls]>~ octahedral units.*® Additionally, it is
important to note that the main Raman peaks of perovskite
powders (Perol and Pero2), typically located in the region of
100-350 cm ™, as depicted in Fig. 2f and Table S2, are shifted
upon immersion in water. This observation is consistent with
the findings from XRD results. Modulation in the characteristic
diffraction and Raman peaks provides direct evidence for the
moisture-sensitive nature of the perovskite materials, revealing
the specific pathways through which structural degradation
occurs upon aqueous exposure. The wide-angle X-ray diffrac-
tion (WAXD) analysis (Fig. 2g) provides critical insights into the
structural changes that occur upon the incorporation of
perovskite crystals into the PLA matrix. The pristine PLA
sample exhibits its characteristic semi-crystalline structure,
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View Article Online

Research Article

with well-defined diffraction peaks observed at g = 1.9 A™*
and g = 2.5 A™*, corresponding to diffraction angles of approxi-
mately 28.0° and 36.6°, respectively.’® These peaks are attrib-
uted to the (200)/(110) and (203) crystallographic planes of the
a-form of PLA, confirming the polymer’s inherent crystalline
domains. Upon formation of the PLA/perovskite composites,
distinct new diffraction features emerge in the composite
materials, which are attributed to the perovskite crystal struc-
ture. The appearance of these perovskite characteristic peaks
confirms the successful incorporation and retention of the
crystalline perovskite phase within the polymer matrix. The
sharpness and intensity of these peaks indicate well-formed
perovskite crystals with good crystallinity. The small-angle X-ray
scattering (SAXS) measurements provide complementary evi-
dence for the successful incorporation of perovskite particles
within the PLA matrix (Fig. S2). A distinct g~ intensity falloff is
observed in the SAXS region for both PLA-Perol and PLA-Pero2
composites, which is characteristic of Porod scattering beha-
vior. The ¢ * scattering profile indicates that the perovskite
particles possess sharp, well-defined interfaces with the PLA
matrix, suggesting good phase separation and well dispersion
of the perovskite microcrystals throughout the matrix without
significant aggregation. The water exposure WAXS studies (PLA-
W, PLA-Pero1-W, and PLA-Pero2-W) reveal interesting stability
characteristics where the diffraction pattern remains largely
unchanged after water exposure, indicating good structural
stability of both the composite morphology and the perovskite
crystals. Furthermore, the 50-3500 cm™ " vibrational spectrum
(Fig. S3) exhibits the characteristic Raman signature with well-
defined peaks corresponding to the PLA fundamental vibra-
tional modes. Key spectral features include the C-O stretching
vibrations around 870 cm ™', CH; rocking and C-C stretching
modes in the 1000-1100 cm™ " region, C-H bending vibrations
near 1450 cm™ ', and the prominent C=O stretching vibration
at approximately 1770 cm ™', which are consistent with the
expected vibrational fingerprint of polylactic acid. The most
striking observation in the composite spectra is the emergence
of intense new peaks in the 600-800 cm ™" region (highlighted
in the orange shaded area) for both PLA-Perol and PLA-Pero2
samples. These peaks are completely absent in the pristine PLA
spectrum, providing definitive evidence for the successful
incorporation of perovskite crystals within the polymer matrix.
The low-frequency Raman region (100-400 cm™ ') exhibits the
appearance of the characteristic perovskite vibrational modes,
confirming that the inorganic crystals retain their structural
integrity during the composite formation process (Fig. 2h).
Moreover, the composite materials retain their Raman peaks
after water treatment, which is consistent with the XRD trend.

3.3. Thermal properties

To evaluate the thermal stability of the 3D printed samples and
determine how perovskite incorporation affects the thermal
transition parameters of the PLA matrix, DSC and TGA mea-
surements were carried out. Fig. 3a shows the typical DSC
thermograms of PLA, PLA/perovskite composites under the
treatment of extrusion and 3D printing. Glass transition

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Fig. 3 Thermal characterization of PLA, PLA-Perol, and PLA-Pero2: differential Scanning Calorimetry (DSC) (a). Thermogravimetric analysis (TGA)

(b) and differential thermogravetric pattern (DTG) (c).

temperature (T), crystallization temperature (T.), melting tem-
perature (T,,), crystallization enthalpy (AH.), and melting
enthalpy (AH,,) of PLA and PLA/perovskite composites were
determined from the heating cycles, as summarized in Table 1.
According to the previous work,”" the degree of crystallinity (X.)
of the PLA-based composites can be calculated from eqn (1) as
follows:

AH wt% filler
X (%) = AL X (1 fT) x 100 6))]

where the AH = AH,, — AH,. in the heating cycle, and AH,. is
the cold crystallization enthalpy. AH. is the melting enthalpy
of 100% crystalline polymer, which was taken to be 93.6 J g *
for PLA.”> AH, was replaced by AH, in this research. The
calculated X, values are listed in Table 1. It is obvious that
the X, for PLA-Pero2 is the largest and that for PLA is the lowest,
owing to the crystalline and amorphous structures of perovskite
and PLA, respectively. These results are in accordance with the
results of XRD diffraction, in which PLA-Pero2 shows obvious
crystalline peaks and PLA-Perol presents weak crystalline
peaks, whereas PLA shows mainly amorphous diffraction
peaks. Additionally, the crystallization and melting tempera-
tures of PLA/perovskite composites are clearly shifted to higher
temperatures compared to pristine PLA, further indicating that
the degree of crystallinity significantly increases with the addi-
tion of perovskite. The thermal stability of printed PLA/perovs-
kite composites was studied through thermogravimetric
analysis (TGA), as depicted in Fig. 3b. The perovskite crystals
have demonstrated a high thermal stability with a decomposi-
tion temperature above 400 °C, as shown in Fig. S4. According
to the DTG curves in Fig. 3c, all the printed samples have only
one decomposition stage, suggesting that only PLA decom-
posed due to the existence of PLA polymer as a major content
in the printed composites. The weight loss shifted towards

Table 1 Summary of DSC heating curve of 3D-printed PLA and PLA-
perovskite composites

Samples T, T. T AH.(Jg™") AH, (g™ X (%)
PLA 62.16 110.41 149.33 23.73 23.83 0.10
PLA-Perol 66.02 118.84 151.51 24.65 25.26 0.62
PLA-Pero2 61.57 120.13 151.47 22.72 24.33 1.63

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

lower temperatures with perovskite addition. At 353, 334, and
324 °C for PLA, PLA-Perol, and PLA-Pero2 printed samples,
respectively, which indicated a decrease in thermal stability of
PLA polymer with the addition of perovskite crystals with a
higher degree of crystallization.

3.4. Optical properties

The photoluminescence behavior of the PLA/perovskite compo-
sites reveals sophisticated excitation-dependent emission
mechanisms that demonstrate successful energy transfer pro-
cesses within the hybrid materials (Fig. 4). The absorption
characteristics (Fig. 4a) show that pristine PLA exhibits a
distinct peak at 340 nm, while perovskite-embedded films
display a red-shifted absorption at 375 nm, corresponding to
6s°/6s'p" electronic transitions within the [BiCls]*~ octahedral
structure.”® Under 400 nm excitation (Fig. 4b), the pristine PLA
film exhibits strong blue fluorescence at 420 nm with a quan-
tum yield of 20%, which might be attributed to n-n* transitions
within degradation products formed on the PLA surface upon
UV exposure, including carbonic acid, formic acid, acetic acid,
and methyl acetate.”® However, when excited at 350 nm
(Fig. 4c), a dramatic shift occurs where PLA emission becomes
severely quenched (PLQY drops to 2%) while the perovskite-
containing films exhibit intense orange fluorescence centered
at 610 nm. This wavelength-dependent behavior suggests that
the UV-induced decomposition products on the PLA surface,
which contribute to the blue fluorescence at 420 nm, are
substantially less active at 350 nm excitation, coinciding with
the emergence of efficient energy transfer to the embedded
perovskite microcrystals, with the 610 nm emission corres-
ponding to radiative recombination within the perovskite
structures. The remarkable difference in photoluminescence
quantum yield between PLA-Perol (2%) and PLA-Pero2 (47%)
under 350 nm excitation demonstrates the critical importance
of perovskite composition optimization. The wavelength-
dependent PLQY studies (Fig. 4d-f) reveal that the 22-fold
enhancement achieved by PLA-Pero2 is attributed to the Mn/
Cd mixed cation system, which suppresses non-radiative decay
pathways and creates optimal excitation conditions in the 300-
350 nm range.*® The PLA film shows increasing PLQY from
0.5% to 20% as excitation wavelength increases from 300 nm to
400 nm, suggesting multiple emission pathways with different

Mater. Chem. Front., 2026, 10, 800-810 | 805
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Fig. 4 Optical characterization of PLA, PLA-Perol, and PLA-Pero2: (a) UV-Vis absorption spectra. (b) and (c) Photoluminescence (PL) spectra at 400 nm
and 350 nm excitation wavelengths, respectively. (d)-(f) Photoluminescence quantum yield (PLQY) measurements at excitation wavelength range (300-
400) nm. (g)—(i) Temperature-dependent PL mapping within temperature range (50-300 K).

efficiencies and wavelength-dependent competition between
radiative and non-radiative processes. In contrast, the perovs-
kite composites show optimal performance in the 300-350 nm
range with a significant decline beyond 350 nm, indicating
resonant excitation effects where maximum efficiency occurs
when the excitation wavelength matches the perovskite absorp-
tion characteristics. The measured PL excitation (PLE) spectra
show that the PL emissions of the PLA sample stem from its
absorption peaks at 300 and 410 nm (Fig. S5). In contrast, both
perovskite composites show a broad excitation band (Table S3)
with peaks consistent with PLE profiles of perovskite powders,
directly matching the absorption characteristics of the [BiClg]*~
octahedral structures, as discussed previously.*® Temperature-
dependent studies (Fig. 4g-i) further reveal that both compo-
sites maintain stable emission characteristics with blue-
shifting behavior from 610-650 nm upon heating, indicating
thermal expansion effects on the crystal lattice that alter the

806 | Mater. Chem. Front., 2026, 10, 800-810

band gap. The enhanced emission at lower temperatures
suggests reduced thermal quenching of radiative recombina-
tion, with pronounced effects observed below 250 K for Pero1l
and 170 K for Pero2. The matrix-perovskite interactions modify
the electronic properties compared to pristine perovskite pow-
ders, demonstrating that the PLA matrix actively participates in
the optical properties through energy transfer mechanisms
rather than serving merely as passive support. The trace of this
energy transfer process can also be observed in the room-
temperature time-resolved photoluminescence (TRPL) spec-
trum (Fig. S6 and Table S4). Under 350 nm excitation, the
average lifetime was found to be 3.8 pus and 151.7 ps for PLA-
Perol and PLA-Pero2, respectively. The longer lifetime
of PLA-Pero2 demonstrates that the Mn/Cd mixed cation
system effectively suppresses non-radiative decay pathways
while maintaining efficient radiative recombination, which
is consistent with the high PLQY of PLA-Pero2 compared to

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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PLA-Pero1.**** This comprehensive study of photolumines-
cence behavior confirms the creation of a synergistic hybrid
system, where the polymer provides structural support and
processability, while the perovskite components provide high-
efficiency emission centers, resulting in optimized emission
efficiency through controlled composition and excitation
conditions.

3.5. X-ray scintillation properties

We investigate the scintillation properties of PLA/perovskite
composites, focusing on attributes such as radioluminescence
(RL), linearity, stability, and imaging capabilities using hard X-
rays at the Advanced Photon Source (APS). When X-ray photons
interact with the perovskite microcrystals embedded in PLA,
they are converted into low-energy visible photons through the
perovskite material. We measured the RL intensities under

View Article Online
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various X-ray fluxes, ranging from 7 x 1011 to 385 x 1011
photons per second. Both PLA/perovskite composites displayed
RL spectra with peaks centered at 605 nm under X-ray excita-
tion, representing a 5 nm blue shift from the PL emission at
610 nm, consistent with previously reported scintillator
behavior.”> As illustrated in Fig. S7a and b, a significant
quenching of the RL intensity is observed when the X-ray flux
decreases from 3.8 x 1013 photons per s to 7.11 x 1011
photons per s. This quenching occurs due to a reduction in
the ionizing radiation energy deposited in the PLA/perovskite
scintillators. To compare the RL spectra of both samples at
different X-ray fluxes, we created a color mapping graph. As
shown in Fig. 5a and b, the PLA/Pero2 film exhibits an RL
intensity that is ten times stronger than that of the PLA/Pero1l
film, which aligns with their corresponding PLQYs. Addition-
ally, the RL intensities of both scintillators exhibit a strong
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Fig. 5 Radioluminescence (RL) properties of PLA/perovskite composites. (a) and (b) Mapping of X-ray flux-dependent RL spectra of PLA/Perol and PLA/
Pero2 samples, respectively. Linearity measurement: (c) X-ray flux-dependence of total radioluminescence signal of both samples. Stability measure-
ment: (d) time-dependent RL decays from PLA/perovskite samples under continuous exposure to synchrotron X-rays with an average photon flux of

7.11 x 10 photons per second. (e) Normalized RL decays. (f) Comparison

between RL spectra of both samples at initial and after 10 minutes X-ray

exposure. High-resolution X-ray imaging with PLA/perovskite composite films: (g) commercial resolution test Pb-stripe chart used for imaging with

varying resolution targets from 2.0 to 20.0 LP mm™ (

line pair per mm) (h) and (i) X-ray images of 5 LP mm~* target with the PLA/Perol and PLA/Pero2

scintillators where the yellow region in the inset is plotted as a line profile (j) and (k).
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linear response to the incoming X-ray flux, as illustrated in
Fig. 5c. The excellent linearity across multiple orders of magni-
tude demonstrates the robust charge carrier dynamics within
the perovskite structure and suggests minimal saturation
effects under the tested flux conditions. The superior detection
sensitivity makes PLA/Pero2 favorable for high-dose imaging
applications. Stability is a crucial characteristic of X-ray scintil-
lators. The RL intensity of the PLA/perovskite films was mea-
sured over a continuous exposure period of 600 seconds to a
substantially large X-ray photon flux of 7.11 x 10" photons
per second over an area of 900 pm by 700 pm. This photon flux
is thousands of times greater than the typical limits encoun-
tered by medical scintillators.®® Throughout exposure over
600 seconds, the RL intensity of the PLA/perovskite films
demonstrated excellent stability, showing only a slight decrease
in intensity, as illustrated in Fig. 5d. Specifically, the RL
intensity of the PLA/Perl and PLA/Pero2 films decreased by
approximately 2.5% and 3.0%, respectively, compared to their
initial intensity during the same exposure period, as shown in
Fig. 5e and f. Next, we quantitatively analyze the spatial contrast
of the PLA/perovskite scintillator films by imaging a commer-
cial resolution test target (type 39, Supertech X-ray, Fig. 5¢).”” It
is worth noting that the 600-second stability test is shorter than
optimal for commercial applications, whereas it represents an
initial assessment under extremely high flux conditions, i.e.,
thousands of times higher than those typical of medical
imaging. The PLA/Pero2 film (Fig. 5h) demonstrated higher
resolution compared to the PLA/Perol film (Fig. 5i), success-
fully resolving a target of 5 line pairs per millimeter (LP mm™?).
Imax — Imin
Imax + Inin
Perol films were 0.255 and 0.036, respectively, as illustrated in
Fig. 5j and k. It is worth noting that the pristine PLA film was
unable to detect the target, as depicted in Fig. S7c. This
confirms that the X-ray scintillation occurs due to the presence
of perovskite microcrystals embedded within the polymer
matrix.

The contrast ratios < ) for the PLA/Pero2 and PLA/

4. Conclusion

In summary, we addressed the fundamental trade-off
between stability, optimal performance, and sustainability by
developing 3D-printable PLA/perovskite composite films that
embedded Cs,MnBi,Cl;, and Cs,Cdj¢sMng 3,Bi,Cl;, micro-
crystals within a biodegradable PLA polymer matrix. The water
instability of halide perovskites was resolved while maintaining
exceptional optical properties, with PLA-Pero2 achieving 47%
PLQY, superior scintillation performance (605 nm emission,
<3% degradation under high-flux X-rays), and imaging resolu-

tion of 5 LP mm .
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