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The halide waste stream generated from advanced molten salt fast reactors and electro-pyroprocessing contain
cumulative alkali and alkaline earth metal radionuclides and feature high environmental mobility, distinguishing
it from the current waste stream. In this study, halide perovskite-derived CsaNaInClg is fabricated as an ideal host
material for the simultaneous immobilization of Cs, In, and Cl. Further, it is successfully incorporated into a self-
assembled Bi-Zn-B glass with relatively low melting point (430 °C). The composite glass-ceramic waste form
demonstrates relatively low processing temperatures, high waste-loading capacity, and excellent chemical
durability, attributed to the gradual formation of the BiOCI passivation film, as confirmed by the semi-dynamic
leaching curves. The stepwise phase degradation behavior is highly dependent on the chemical bonding envi-
ronment that is dominated by an incongruent leaching mechanism and surface reorganization. The as-fabricated
glass-ceramic waste form and proposed waste immobilization strategy provide a potential way to treat the
questionable high-halide waste stream derived from electro-pyroprocessing and advanced molten salt reactors

(MSRs).

1. Introduction

The electro-pyroprocessing of spent nuclear fuel make it readily
compatible with advanced molten salt reactors (MSRs) because the
uranium and transuranic elements are recovered at the cathode, while
alkaline or actinides such as monovalent Cs, divalent Sr, and trivalent In,
Nd, La, and Y primarily dissolve into the eutectic LiCl-KCl salt [1]. The
eutectic LiCl-KCl salt requires periodical purification to separate it from
the actinides to avoid a short current or other misfunctions in electro-
refining [2-4]. Subsequently, the final waste stream featuring concen-
trated halide elements is immobilized, followed by geological disposal.

The intrinsic properties of metallic halides, namely high-water sol-
ubility as well as low melting and vapor point, pose significant chal-
lenges to the consolidation of waste streams. The
radionuclides—strontium (Sr), barium (Ba), and cesium (Cs)—can be
incorporated into the zeolite 4A [Naj2(AlSiO4)12] obtained from the
LiCl-KCl eutectic salt through ion exchange at approximately 425 °C

followed by conversion to glass-bonded sodalite ceramic waste form
(Nag(AlSiO4)6Cly) at 900 °C, achieving an immobilization ratio of
approximately 8 wt% [3,5,6]. Leng et al. immobilized Cs and Sr using
K-struvite crystals and chemically bonded phosphate ceramics under
room temperature conditions, and investigated their interaction mech-
anisms via first-principles calculations [7,8]. Lead tellurite glass exhibits
relatively low glass transition temperature (Tg ~ 300-400 °C), with a
LiCl-KCl eutectic waste salt (ER (SF)) loading of approximately 15 wt%
[9]. However, the tellurite glass has long been questioned for its low
chemical durability, with corresponding cumulative normalized release
rates of Cs, Cl, Te, and Pb, which are approximately 90, 500, 45, and 23
g/mz, respectively, over an 11-d leaching period in deionized water at
90 °C.

The unique composition of metal halide double perovskites,
including a tunable crystalline structure and significant proportion of
halogens in the molecular structure, provides inherent advantages for
immobilizing volatile radioactive halide salts, such as CsCl and CslI,

* Corresponding author. Department of Nuclear Science and Technology, Nanjing University of Aeronautics and Astronautics (NUAA), Nanjing, 211106, China.

** Corresponding author.

E-mail addresses: kun.yang@nuaa.edu.cn (K. Yang), keyanghnu@gmail.com (K. Yang).

https://doi.org/10.1016/j.ceramint.2025.09.024

Received 26 April 2025; Received in revised form 10 August 2025; Accepted 2 September 2025

Available online 8 September 2025

0272-8842/© 2025 Elsevier Ltd and Techna Group S.r.l. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:kun.yang@nuaa.edu.cn
mailto:keyanghnu@gmail.com
www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2025.09.024
https://doi.org/10.1016/j.ceramint.2025.09.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2025.09.024&domain=pdf

H. Jietal

which have been recognized as potential host materials for waste salts
[10]. Scott et al. developed this approach as a potential method for the
separation and solidification of radioactive waste by synthesizing
CspSnClg through spark plasma sintering (SPS), and investigated its
thermodynamic properties [11]. However, metal halide perovskite ex-
hibits relatively poor thermal and chemical stability, making it unac-
ceptable for long-term geological disposal [12,13]. Yang et al. developed
composite and core-shell structures by incorporating the metal halide
perovskite CsgBislg into chemically stable SiOy and hydroxyapatite,
achieving a waste loading as high as 42 wt% for iodine and 14 wt% for
cesium along with extremely low elemental release rates of 0.059 and
0.032 gN/rnz/d at 90 °C in deionized water, respectively [10,14]. The
successful immobilization of halide perovskites is highly dependent on
the vitrification point of the matrix material, which is restricted by the
compatibility of the matrix material with halide perovskites. Therefore,
it is necessary to explore novel matrix materials with low vitrification
points and high chemical durability as alternatives for SiO, and
hydroxylapatite.

Bismuth-based glasses with low glass transition temperature (Tg) and
superior thermal stability have been extensively studied as low-melting-
point glass binders or sealing materials [15-20]. Bismuth-based mate-
rials are also utilized as adsorbents to capture radioactive iodine or
chloride by forming Bilsg and BiOCl structures, which are environmen-
tally stable according to DFT calculations [21-27]. Xian et al. demon-
strated the use of Bi-B-Zn glass containing Bi;O3 to immobilize
iodine-adsorbing Bi0-SiO, materials with an iodine retention ratio of
92.22 + 2.6 % under N sintering conditions [28]. Ri et al. optimized the
Bi-Zn-B glass binder to achieve an iodine retention rate of 67 wt% in the
glass matrix at sintering temperatures as low as 350-550 °C, with a
corresponding I release rate lower than 1 g/m? [29].

In this study, a self-assembled Bi-Zn-B low-temperature glass matrix
is synthesized with a metal halide double perovskite and is further
incorporated in the formation of a dense glass-ceramic composite waste
at a temperature of 430 °C and uniaxial pressure of 400 MPa. Csy;NalInClg
and Bi-based glass can undergo a bonding reaction at relatively low
temperatures, forming a stable BiOCl passivation layer, which enhances
the chemical stability of the waste form. The chemical durability of the
waste was evaluated using semidynamic leaching tests. The evolution of
the microstructure and localized chemical bonding environment of the
composite waste form was further characterized using in-situ Raman
spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), and scanning electron microscopy—energy dispersive spectros-
copy (SEM-EDS). This study aims to provide mechanistic insights into
the chemical durability of the waste form, contributing to the design and
development of advanced glass-ceramic waste forms toward halide
nuclide-bearing salt streams.

2. Materials and methods
2.1. Preparation of Bi-Zn-B low-temperature glass

High-polarizability cations, Bi;O3 and B2O3, were selected to act as
the skeleton structure of the glass. The incorporation of Zn can signifi-
cantly reduce the glass vitrification point, and consequently break down
the Bi-B glass matrix. Therefore, in this study, a ternary glass of 30BizOs-
55B503-15Zn0 (mol%) was prepared using the melt-quenching method.
Powder of Bi;O3 (Macklin, 99.9 %), BoO3 (Macklin, 99.9 %), and ZnO
(Macklin, 99.9 %) in stoichiometric ratios were thoroughly mixed using
a corundum mortar and pestle. The mixture was then placed into a high-
purity alumina ceramic crucible and calcined in a muffle furnace (SG-
XS1700, Shanghai Sager Co., Ltd.) at 1100 °C for 2 h. The molten glass
was quickly cast onto a stainless-steel mold preheated to 200 °C and
subsequently annealed at 200 °C for 5 h to relieve thermal stress and
strain.
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2.2. Synthesis of CsaNaInClg perovskite

CsyNalnClg powder was synthesized via a solution-based method
through the following reaction (1): CsCl (2 mmol, Macklin, 99.9 %) and
NaCl (1 mmol, Macklin, 99.9 %) were dissolved in 3 mL of deionized
water, and InCl3 (1 mmol, Macklin, 99.9 %) was dissolved in 10 mL of
warm HCI (80 °C). The CsCl/NaCl mixed solution was then added to HCL
solution containing In®>' under vigorous stirring, forming a white pre-
cipitate. The reaction was allowed to proceed for 1 h to ensure
completion. The mixture was subsequently filtered using filter paper
with a pore size of 0.1 pm to obtain the CsyNaInClg precipitate, which
was then dried in a glove box for 24 h.The concentration of Cs ions in the
residual solution, as determined by ICP analysis, was found to be less
than 1 x 10~/ mol/L, which indicates that the Cs ions have been
completely precipitated.

2CsCl + NaCl + InCl; S Cs,NaInClg 1)

2.3. Fabrication of composite waste form

Composite waste forms with halide perovskite compositions of 30,
50, and 70 wt% were prepared by mixing the CsyNaInClg powder with
Bi-Zn-B glass powder (Table 1) in a high-energy planetary ball mill
(MITR-YXQM, Changsha MITR Co., Ltd) to reduce the particle size and
increase the sintering ability (see Supplementary Fig. S1). The ball-
milling speed was set to 500 rpm with five operational cycles, each
consisting of 30 min of forward rotation and 30 min of reverse rotation.
The milled powder was then subjected to rapid hot-press sintering.

The powder particles were sintered in a single step using an FHP-828
hot-press system (Shanghai Hateng Co., Ltd.) following the process
outlined in Supplementary Fig. S2. For each sintering, approximately
2.4 g of the starting powder was loaded into a tungsten carbide (WC)
mold. The inner surface of the mold was lined with 0.1-mm graphite
paper to facilitate demolding after sintering. A thermocouple wire
inserted 2 mm from the sample was used to measure the sample tem-
perature. The sintering process was conducted under a vacuum of 1 x
1072 MPa, applying uniaxial pressure at a controlled rate, with a
maximum pressure of 400 MPa. The temperature was gradually
increased to 430 °C at a rate of 50 °C/min and held at this temperature
for 20 min, followed by natural cooling under vacuum. After sintering,
the samples were polished with 0.25 pm diamond paste and ultrasoni-
cally cleaned with anhydrous ethanol. The polished samples were stored
in a glove box for characterization and testing.

2.4. Microstructure characterization

The microstructure and crystalline structure evolution of the syn-
thesized CsyNalInClg powder and composite waste form before and after
leaching test were evaluated by XRD with a PIXcel3D array detector
receiver (PAN analytical, the NL), using a copper target (Ko = 0.15406
nm) at a step size of 0.013°. The surface morphology evolution of the
samples was examined using a dual-beam ionization scanning electron
microscope (TESCAN LYRA3 GM, CZ, USA) with an acceleration voltage
of 10 keV. The phase distribution was observed in the BSE mode, and
semi-quantitative elemental analysis was performed using an EDS sys-
tem (Oxford Systems, UK). The Raman spectra of the synthesized
CsoNaInClg powder and the composite waste form before and after
leaching were obtained using a Raman spectrometer (HORIBA HR

Table 1
Composition of raw materials and target element content (wt%) for composite.
Glass CsyNalInClg Cs Cl In
1 70 30 12.9 10.4 5.6
2 50 50 21.6 17.3 9.3
3 30 70 30.2 24.2 13.0
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Evolution, FR) with a 532-nm green laser with an exposure time of 10s
and three accumulations. Thermogravimetric differential scanning
calorimetry (TGA-DSC, STA 449 F3, GER) was employed to study the
effect of the Bi-Zn-B glass on the thermal stability of the CsyNalnClg
perovskite. The chemical states of the elements before and after the
leaching test were determined by XPS (ESCALAB Xi+, Thermo Fisher
Scientific, USA), calibrated by Cl1s peak at 284.8 eV.

2.5. Semi-dynamic leaching tests

The chemical durability of the composite waste form was appraised
by a semi-dynamic leaching test (ASTM C1308) [30] for 28 d at room
temperature (RT) and 90 °C. The experiments were conducted in trip-
licate, following by taking average of the three parallel tests to ensure
the data reliability. The samples were immersed in a PTFE-sealed vessel
filled with deionized water (18 MQ), and the leachates were exchanged
at fixed intervals and with a constant surface area to solution volume
(S/V) ratio of 5 m™ L. In each interval, 0.1 ml solution was diluted 100
times with 10 ml deionized water acidified with 8 % pure nitric acid, and
its concentration was quantified using an inductively coupled plasma
mass spectrometry (ICP-MS) system (ICAP6300, US).

The corresponding release rate of each element, m(i), in units of
mg-m~2.d~1, is calculated using the following formula:

cli)v
S

m(i) = x Dilution factor (2)
where C(i) is the concentration of different ions (mg-L_l) measured by
ICP-MS, the dilution factor is 100, ¢ is the sampling interval (d), V is the
volume of the leachate (L), and S is the surface area of the sample (mz).
The surface area to volume ratio (S/V) is a constant 5 m ..

The normalized element release rate (Ly) is obtained using the
following formula:

L

In=r——F——— 3
N~ Weight percent 3

The cumulative quantity of the leached elements as a function of
time was fitted using the Cote model, with the minimum R? achieved.
The leaching kinetics of each element in the aqueous solution are
described by the following empirical mathematical model:

M(t) =kit+kot'/? + k3 (1 — e ™) @)

where M(t) represents the cumulative leaching rate, expressed in mg/
m? kit denotes the mass dissolution controlled by the dissolution
behavior; kot'/? reflects the mass transport governed by the elemental
diffusion; and kg(l-e'k‘") accounts for the mass exchange between sur-
face defects and the solute in the solution. The long-term leaching rate
can be derived by taking the derivative of the Cote model with respect to
time and assuming that the leaching time approaches infinity, as
denoted by k; [31].

2.6. MD calculation

Models of the CsyNaInCleg/water interface were constructed using
three MCI2 (M = Na, In) layers, where the double perovskite stabs were
terminated by the MCI2 layers (Fig. 6). A CspNaInClg leaching envi-
ronment, characterized by the experimental density of liquid water
simulated by a vacuum region, was added on top of the perovskite stabs
that were filled with water molecules for the Cs,NaInClg model.

All MD simulations of the Cs2NalInCl6 crystals in water were per-
formed using the LAMMPS open-source package [32]. All equilibrated
CsyNaInClg/water models were then equilibrated under the NVT
ensemble by the Nose—Hoover thermostat and the Parrinello—Rahman
barostat [33-35] at a constant temperature (T = 350 K) to accelerate the
ion dissolution process. The dissolution rates of different elements (Cs™,
Na™, In3", and C1™) were calculated by tracking the number of dissolved
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elements in liquid water based on a dissolution kinetics model.
3. Results
3.1. Microstructure, phase, and composition of the as-sintered composites

Fig. 1a shows the photographs of the as-fabricated low-temperature
glass with variable ratios of Bi»O3, and the corresponding XRD profiles
are shown in Fig. 1b. The color of the as-fabricated glass gradually
darkened with the increasing Bi>Ogs ratio, and high transparency was
observed. The highly densified property without the manifested by-
product of the glass was further confirmed by the SEM image in Fig. 1
a. The amorphous property of the Bi-Zn-B glass was confirmed by the
broadening of the XRD peaks at approximately 30° and 50°, which
became increasingly pronounced with the increasing addition of BizOs.
As shown in Fig. 1c, characteristic Raman peaks located at approxi-
mately 410, 592, 690, 880, 980, and 1340 cm™! were observed for the
as-fabricated glass with 20-40 mol% Bi»Os. Specifically, the Raman
band at 410 cm™! is assigned to the Bi-O-Bi stretching vibrations that
occur between [BiO3] and [BiOg] polyhedral units [27], whereas the
Raman band at 592 cm™! can be attributed to the Bi-O stretching vi-
brations occurring within the [BiOg] groups. In contrast, the Raman
band at 690 cm™! is attributed to the chain-type arrangements of the
[BO3] groups [36]. The Raman band at 880, 980, and 1300 c¢m ! can be
attributed to the pyroborate dimeric species [B2Os], orthoborate tri-
angles [BO3] [37], and B-O-B stretching vibrations occurring within the
[BOs] groups [38], respectively. The Raman vibrations associated with
the [BiO3] and [BiOg] units at 410 cm~! and 592 cm! gradually
intensify with the increasing BipO3 composition, with a significant
diminishing of Raman peak intensity occurring for [BOs] and [B2Os],
suggesting an increase in glassification due to the partial substitution of
B,03 by Bi. The glass transition points (Tg) of the Bi-Zn-B glass follow a
decreasing trend with the Bi;O3 ratio between 460 and 354 °C (Fig. 1 d)
as BizOg3 can break the B-O bond as denoted by previous research [39].
However, an increase in the Bi concentration can simultaneously reduce
chemical durability and waste loading. In this study, 30 wt% of Bi,O3
with a glass transition temperature of approximately 405 °C was
selected to act as the matrix material for the waste form to compromise
the waste loading, chemical durability, and the glassfication point as
denoted in the Supplemental Fig. S2.

The as-synthesized CsyNalnClg exhibited high purity without a sec-
ondary crystalline phase, as shown in the XRD profile in Fig. le. The
corresponding on-set decomposition point of the perovskite was at
approximately 604 °C, as denoted in the TGA-DSC curves; the second
weight loss step at approximately 620 °C can be attributed to the
evaporation of Cs and Cl, which is consistent with previous studies
(Fig. 1f) [11]. The Tg-Tx interval can be identified as the processing
interval for the glass-ceramic composite, and 430 °C lies within this
glass-ceramic processing range (Fig. 1d). Therefore, the current
hot-pressing technique can successfully consolidate the composite waste
form without elemental evaporation or loss as the glassification point of
the Bi-Zn-B glass is approximately 430 °C.

The perovskite XRD peak intensity increased with increasing
composition of the composite waste form, as shown in Fig. 2a and b,
which is evidenced by semi-quantitative analysis (the detail of the
Rietveld peak refinement of XRD patterns is shown in Fig. S3) wherein
the CspNalnClg/glass ratio shifts from 4.4/1 to 1/1.8 when the
CsyNalnClg ratio increases from 30 wt% to 70 wt%. The intensity of the
characteristic Raman for CspNaInClg 2A;5 (293 em™ ) also increases,
along with BiOCl Aq (144 cm™ D), with an increasing CspoNaInClg ratio
(Fig. 2c). A continuous decrease in peak intensity was observed at
approximately 410 cm ™!, which is associated with the vibrations of the
BiOg octahedral structure within the Bi-Zn-B glass [27], which can be
attributed to the gradual formation of BiOCI.

The composite waste form with CsyNaInClg composition of 30-70 wt
% featured high theoretical density and dual-phase structure, as
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Fig. 1. (a) Photographs and surface morphology of Bi-Zn-B glass with varying bismuth oxide (Bi;O3) contents. (b) XRD patterns of Bi-Zn-B glass. (c¢) Raman

spectroscopy analysis of Bi-Zn-B glass.
Cs,NalInClg perovskite.

evidenced by the SEM image in Fig. 2e. The Vickers hardness of the
composite is presented in Fig. S4, where the sample with 50 wt%
perovskite content exhibits a Vickers hardness of up to 726 HV. The
composite waste form morphology transitions from a dense glassy phase
to more intertwined multiphase connectivity, and ultimately resulting in
a structure with a predominant dark perovskite phase when the
CsoNalnClg content increases and the corresponding measured density
from 4.24 g/cm® to 3.63 g/cm® and theoretical density from 95.5 % to
98.1 %, respectively (Fig. 2d).When perovskite addition exceeds 50 wt
%, non-uniform grain growth occurs on the surface of the multiphase
solidified sample which indicates the perovskite content has surpassed

(d) TGA-DSC curve of the Bi-Zn-B glass.

(e) XRD patterns of CspNaInClg perovskite. (f) TGA-DSC curve of

the glass matrix’s accommodation threshold, preventing complete
encapsulation.

3.2. Microstructural evolution of the composite after semi-dynamic
leaching experiments

The chemical durability and microstructural evolution of the com-
posite waste (50 wt% perovskite) was further evaluated through the 28-
d semi-dynamic leaching test at RT and 90 °C (Figs. 3 and 4). After
leaching, the composite waste retained its original multiphase structure;
however, the perovskite phase on the composite waste surface
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Fig. 2. (a) XRD patterns of the composite waste form with different amounts of Cs;NaInCle. (b) Proportion of Cs;NaInCls in the composite waste form derived from
XRD peak refinement. (c) Raman peaks of the composite waste form with varying Cs;NaInCls content. (d) Measured density and theoretical density with different
amounts of CspNaInCle. (e)Variations in surface morphology of composite waste form with different amounts of CsyNaInCle. (f) Schematic diagram of the composite

waste form fabrication process.

underwent phase degradation and reorganization during the leaching
experiment, leaving behind nanoscale microspherical corrosion prod-
ucts with Bi, In, Cl, and O enrichment on the sample surface at RT
(Fig. 3a and b and c). The surface corrosion can further be accelerated at
an elevated temperature of 90 °C, resulting in cubic InyO3 grains and
flake-like BiOCl structures growing in the corrosion voids between
phases forming on the waste form surface (Fig. 3d and e) [40]. More-
over, the small and dense microspheres, denoted by the peak broadening
and redshift of the wavelengths in the Raman spectra, were accelerated
by the reaction between the sample and water.

Fig. 4a shows the XRD patterns of the composite waste form before
and after leaching at RT and 90 °C. The BiOCl and CsyNaInClg chalco-
genide phases of the original samples were significantly degraded by 28
d of RT water corrosion, and the intensity of the relevant diffraction
peaks decreased or even disappeared, while the relevant diffraction
belonging to the structure of InpO3; was detected on the surface of the
sample under the accelerated leaching test at 90 °C. The Raman vibra-
tional peaks around ~141 em ! and ~293 em™! represent the Tog
(mainly associated with [InCls] octahedral bending vibrations) and 2A;4
([InClg] octahedral symmetric stretching vibrations) modes of the
original CsyNaInClg double perovskite (Fig. 4b) [41,42]. Meanwhile, the
peak positions around 59, 144, and 198 cm ™, corresponding to the Arg
(Bi-Cl external stretching vibration) mode, A (internal Bi-Cl stretching
vibration) mode, and Ei4 (internal Bi-Cl stretching vibration) mode of

the BiOCl structure, exhibited a decrease in the intensity of the BiOCl
vibrational peaks, along with broadening and a shift towards higher
wavenumbers, which can be attributed to the surface amorphization and
grain subdivision during the leaching process [27,43]. In addition, the
corrosion also induced the growth of InyO3, as evidenced by the Raman
peak positions around 96 cm ! and 308 cm™! [44].

Furthermore, a significant weakening of the Cs 3d peak (Cs3ds,
2:724.0 eV, Cs3ds,2:738.0 eV) and a shifting of the Bi 4f peak from 158.7
eV to a higher binding energy (158.9 eV) occur after leaching, sug-
gesting a change in the coordination environment of Bi>* as denoted by
the XPS (Fig. 4c and d) [45]. During leaching, Cs on the sample surface
readily dissolves in water, leaving a Cs-leaned surface alteration layer,
resulting in the absence of a Cs signal. Meanwhile, Bi in BiyO3 recom-
bines with Cl to form the BiOCl structure, while the OCI>~ group, which
has higher electronegativity than 0%, exerts a stronger attraction to
electrons, thereby increasing the binding energy of Bi**. As shown in
Fig. 3f, the Cl 2p peak initially consisted of two groups from CsyNaInClg
(Cl2p3,2:198.5 eV, Cl2p;,2:200.2 eV) and BiOCl (Cl2p3/2:197.5 eV,
Cl2p;,2:199.2 eV), differing by 1.0 eV. The intensity of the Cl 2p peak
related to CsyNaInClg sharply decreased in the RT leaching test, while
the peaks around 197.5 eV and 199.2 eV associated with the BiOClL
structure were successfully retained post the 90 °C leaching test, sug-
gesting the robust water resistance of BiOCl [45,46]. Regarding In 3d
shown in Fig. 3e, the binding energy of the samples decreased by 0.3 eV
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EDS analysis.

after leaching, indicating the transformation from CsyNalnClg
(In3ds5/2:452.3 eV, In3ds/»:444.7 eV) to In203(In3ds/»:452.0 eV,
In3ds/p:444.4 eV) [47,48]. In addition, asymmetric peaks of In(OH)3
[49] were observed for the sample after the RT leaching test, suggesting
an intermediate state during the phase degradation of CsyNaInClg to
Il‘l203.

In-situ Raman spectroscopy experiments with a timeframe of 424 h
were performed on the composite waste form with 50 wt% of perovskite
to explore the time-dependent simultaneously microstructural and
chemical evolution of the composite waste form in contact with water.
As denoted in Fig. 5a, the laser beam was focused on the solid/liquid
interface with a testing zone of around 16 pm on either side of the sol-
id-water interface. As illustrated in Fig. 5b, the characteristic peaks
associated with the BiOCI structure at 59, 144, and 198 cm™ ! remain
unchanged, whereas the 2A;4 vibration peak related to CspNaInClg at
293 cm ™! weakens within the first 4 h, indicating the rapid dissolution of
CsoNalnClg during the early leaching regime, corresponding to the
significantly higher elemental release rate observed on the first day
(Fig. 7a). The corrosion product of InyOs gradually emerges on the
sample surface after 96 h, correlating with the transition point in the
leaching curve (Fig. 7a), where the leaching rate shifts from rapid to
slow, indicating a dominance of diffusion over dissolution processes.

Changes in the solid-water interface were observed over 424 h using
in-situ Raman spectroscopy are shown in Fig. 5c, and the corrosion
interface displacement and corresponding fitted displacement rate
curves are shown in Fig. 5d and f. The displacement curves for the
perovskite characteristic peak (141 cm 1) and water peak (3400 cm )
follow a lognominal descending trend, indicating the mechanism
changes from matrix dissolution to diffusion that occurred on day-5,
which is consistent with the leaching rate curves in the following sec-
tion. The initial position of the solid-liquid interface corresponds to the
2 pm mark on the coordinate axis, with a rapid decrease in displacement
speed during the initial leaching stage (Fig. 5e and g show the fitted
curves). Post 96 h, the solid-liquid interface exhibits minimal move-
ment, with the matrix retracting approximately 4 pm. Moreover, the
perovskite matrix simultaneously undergoes retraction with the forward

movement of the Raman peak of the water molecule, confirming that the
surface alteration layer was hydrolyzed. In addition, the corrosion
product InyO3 was detected at 96 h, which is consistent with the pre-
vious XRD profile, suggesting that gradual phase degradation and
structural reorganization occurred.

3.3. MD simulation of the perovskite/water interaction

To further investigate the interaction mechanisms between perov-
skite and water, as well as the behavior of the corresponding elements in
solution, molecular dynamics (MD) simulations were conducted under
an NVT ensemble at 350 K, which is higher than the leaching-
experiment temperature used in this study to accelerate the corrosion
behavior within the picosecond simulation range. Based on the XRD
pattern of the perovskite shown in Fig. 1a, three low-index crystallo-
graphic directions of CsyNaInClg [(100), (110), and (111)] were
considered to study the release characteristics of different elements
along these directions. According to Bravais’ law [50], planes have low
surface energies, making them likely to be exposed during crystal
growth, as confirmed by the XRD measurements. Initial and final
snapshots of the MD simulations along these three crystallographic di-
rections are shown in Fig. 6a and b and supplemental Videos S1-S3. The
results indicate that within the 6-10 ps simulation time, Na, Cl, and Cs
atoms near the surface diffused significantly into the HyO region and
interacted strongly with HyO molecules, causing the collapse of the
surface crystal structure. Because of the lighter masses of Cl and Na,
these elements easily escape from the matrix and diffuse into the water.
In Fig. 6¢, a steeper slope of the MSD curves corresponds to a faster
release rate of the elements. Na readily escapes from the (100) plane of
CsyNalnClg, whereas Cs diffuses rapidly from the (111) plane. Cl exhibits
significant release rates in both the (110) and (111) directions. In
contrast, the release rate of In is considerably lower than those of the
other three elements, indicating that the chemical stability of
CsyNalnClg exhibits strong anisotropy.
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Fig. 4. (a) XRD patterns of the samples before and after the leaching test. (b) Raman spectra of the samples before and after the leaching test. (c) Total XPS spectra of
the samples before and after the leaching test. (d) XPS Bi4f spectra. (e) XPS In3d spectra. (f) XPS CI2p spectra.

3.4. Chemical durability and leaching mechanism of composite

The leaching rates of the key elements in the composite waste form
exhibited a lognominal decreasing trend, as shown in Fig. 7a and b. All
elements exhibited a high initial leaching rate during the early stage of
the leaching experiment (0-5 d), followed by a gradual decline (disso-
lution stage), and finally changed to the diffusion stage with a corre-
sponding slow elemental release rate, consistent with the in-situ Raman
curves. The elemental leaching is thermodynamically driven because the
mechanism changes from dissolution to diffusion was accelerated at
90 °C (Fig. 7). The cumulative concentrations of Cs, Na, In, Cl, Bi, and Zn
in the leachate are presented in Supplementary Fig. S5 and were fitted

using the Cote model [31], with the relevant fitting parameters detailed
in Table S1. The normalized long-term leaching rates derived from the k;
values of the Cote model fitting curves are summarized in Table S2.
Notably, Cl in the perovskite composition exhibited the highest
long-term release rate, followed by Na and Cs, whereas In exhibited the
lowest release rate. In addition, the release rate of Bi was significantly
lower than that of Zn in the glass matrix owing to its low solubility and
the passivating effect of BiOCl on Bi. Fig. 7c and d illustrate the atomic
ratios of Cs/Cl and Zn/Bi, respectively, with a rapid exchange between
the incongruent and congruent leaching mechanisms. The released
amounts of Cs and Cl greatly exceeded one-third of the stoichiometric
ratio in the early stage because partial of the BiOCI had already been
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Fig. 5. (a) Schematic of the in-situ Raman testing platform. (b) Raman peaks associated with BiOCl and Cs,NaInClg at the interface of waste form/water over a
testing duration of 424 h. (c) Optical images of interface morphology evolution of the composite waste form during a leaching period of 424 h. (d) Changes at 141
cm™! at the interface between the waste form and water. (e) Retraction rate of the boundary of waste form at 141 cm ™! at the interface along with the corresponding
fitting equation. (f) Changes of the water peak at 3400 cm ! at the interface between the waste form and water. (g) Forward rate of water peak at 3400 cm ! at the

interface along with the corresponding fitting equation.

formed during the sample sintering. However, as the time approached 5
days, the release rate of Cl started to exceed that of Cs. This can be
attributed to the continuous formation of BiOCl during the leaching
process, which affects their leaching behaviors. The leaching rate of Bi in
the glass is significantly lower than that of Zn, which can be attributed to
the inherent stability of Bi and the protective effect of the BiOCl
passivation structure.

4. Discussion
4.1. Low-temperature consolidation of the halide waste stream

Generally, the BiOX passivation structure is generated through a
diffusion-reorganization process, where the Bi and halide elements in
the waste form first dissolve and saturate in an aqueous solution, fol-
lowed by reprecipitation on the surface to form an insoluble BiOX
structure, which can deter elemental release [10]. Herein, a
water-resistant BiOCl structure was introduced into the matrix during
the low-temperature, high-pressure consolidation of the composite
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waste form, increasing the structural reliability of the perovskite
component within the stable Bi-Zn-B glass matrix by delaying water
penetration (Fig. 2f). As the perovskite content increases, the Bi ele-
ments within the octahedra bond with CsyNaInClg to form BiOCI, lead-
ing to a continuous decrease in the intensity of the peak at ~380 cm™?
(BiOg octahedron). At 50 wt% perovskite addition, the vibrational peak
corresponding to the BiOg octahedral structure nearly disappears
(Fig. 2c¢), indicating that there are no excess BiOg octahedral units
available for bonding with CsyNaInCle, thereby demonstrating that the

maximum encapsulation efficiency has been reached at this perovskite
content. When the perovskite content reaches 70 wt%, numerous defects
appear on the surface of the composite waste form, indicating that the
glass encapsulation capacity for the perovskite has reached its limit, the
Bi-Zn-B glass is no longer able to form sufficient BiOCl structures to
effectively immobilize the perovskite phase. Therefore, considering the
curing efficiency and structural integrity, 50 wt% CspNaInCle was added
for subsequent experiments.
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4.2. Mechanisms of aqueous corrosion evolution in composite waste form

The microstructural evolution and phase degradation of the com-
posite waste form are not intrinsic and are highly dependent on its
surface alteration behavior [51]. In the current study, a dis-
solution-reorganization mechanism dominated the microstructural
evolution of the composite waste form, as confirmed by the SEM, XPS,
and Raman spectra (Figs. 3-5). Specifically, as illustrated in Fig. 8, the
water diffuses through the composite dual-phase interface and reacts
with CgoNalnClg, inducing the dissolution of partial CsoNaInClg into a
two-dimensional layered structure, with Cs atoms occupying the hex-
agonal channels between [NaInClg] 2 octahedra due to van der Waals
forces [52]. The Raman spectra of CsyNaInClg indicate that water mol-
ecules induce chemical bonding breakage, exposing InCls octahedra and
leading to phase degradation to CsCl and NaCl, as shown in Equation (5).
Over time, InyO3 structures are formed through the hydration-dehy-
dration of InCls, and BiOCl arises from the reorganization of enriched
elements on the composite surface, covering the dissolution defects of
the perovskite, passivating the surface, and preventing further reaction
with water (Equations (6)—(8)).

The weak van der Waals forces between the two-dimensional layered
structures were easily disrupted, resulting in the rapid release of Cs and
Cl in the early phase, as demonstrated by the MD simulations and sup-
plementary Videos S1-S3. Given the larger ionic size of Cs, the binding
strength between Cs and Cl is weaker than that between Na and Cl, or In
and Cl, resulting in the highest release rate for Cs. The passivating
structures of In,O3 and BiOCl covered the surface of the sample, leading
to a transformation of the leaching mechanism from dissolution to
diffusion. Notably, the formation of InyO3 precipitate was observed on
the surface of the sample under 90 °C (Fig. 3d), and its diffraction peaks
were also identified in the XRD pattern (Fig. 4a). This suggests that the
low leaching rate of In can be attributed to its potential precipitation as
In,03, which leads to a reduction in elemental diffusion.

CsyNaInClg — 2CsCl + NaCl + InCls 5)
InCl; + 3H,0 — In(OH), + 3HCl 6)
2In(OH),; — In,05 + 3H,0 ()

Ceramics International 51 (2025) 52662-52675

BiCl; + H,0 — BiOCl + 2HCl ®

In the current study, a dissolution—diffusion leaching mechanism
dominated the elemental release of the composite waste form, with the
elemental release mechanism shifting from incongruent to congruent
and finally to incongruent, as shown in Fig. 7. The initial dissolution
behavior of the perovskite can be revealed by MD simulations, where the
electrostatic interactions lead H' to be preferentially associated with the
negatively charged Cl~, while 0%~ tends to bond with the positively
charged Na® and Cs* ions (Fig. 6), strengthening the interactions be-
tween CsCl, NaCl, and H,0. The elemental leaching behaviors simulated
in the MD studies within the picosecond range aligned well with the
initial stage of the leaching behavior without the formation of a
passivation film, where the rapid release of Cs, Cl, and Na was observed.
It is noteworthy that the normalized long-term leaching rate of samples
immersed at 90 °C is lower than that of samples immersed at RT. This
phenomenon can be attributed to the more vigorous exchange between
substances at 90 °C, which accelerates the surface diffusion-reorgani-
zation processes, leading to the rapid formation of BiOCI passivation
film. Although the elemental leaching rate increased in the early stages
at 90 °C, the corresponding acceleration of the reorganization process
resulted in the formation of surface passivating structures. These
structures subsequently hinder the material exchange between water
and the matrix by triggering a mechanism shift to diffusion, thereby
reducing the long-term leaching rate.

Overall, the leaching behavior of the composite waste form is sche-
matically discussed in the following Fig. 8. The initial interaction be-
tween the waste form and water molecules leads to a fast elemental
release, which can be attributed to its intrinsic structural stability, as
denoted in the MD simulation. The anisotropic properties of the waste
form resulted in the fast release of compositional elements, with the
release rate decreasing from Cs to In, according to the MSD analysis
(Fig. 6). The fast release of Bi, Cl, and In then results in the localized
saturation of the elements, gradually forming insoluble BiOCl, InyOs,
and amorphous passivating layers during the subsequent leaching pro-
cesses. Consequently, the leaching mechanism of the composite waste
shifts from dissolution to matrix diffusion, with a rapid reduction in the
elemental release rate. The continuous accumulation of Cl, In, and Bi
elements at the solid/liquid interface leads to reorganization processes
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Fig. 8. Schematic demonstrating the water induced microstructure evolution of the waste form.
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that facilitate the growth of water-resistant BiOCl or In,Oj3 structures at
the defects, which protect the susceptible CsyNaInClg from water
corrosion. Consequently, owing to the increased limitations on transport
between the solution and sample, the dissolution of the composite waste
form ceased effectively.

4.3. Comparison between composite waste form and advanced
solidification methods

The waste-loading capacity and chemical durability of the composite
waste form were compared with existing literature[53-73], with the
results summarized in Table S3 and visualized in Fig. 7e, the developed
composite waste form with 50 wt% CspNaInClg demonstrates encapsu-
lation rates of 21.6 wt% and 17.3 wt% for Cs and Cl, respectively,
significantly exceeding the state-of-art halide waste form. In addition,
the currently developed waste form can further immobilize Na or K,
which are the main components of the eutectic salt, and high-valence
state radionuclides, namely In, Nd, La, Ce, and Y, as fission elements
with a corresponding immobilization ratio of 1.8 wt% for Na, and 9.3 wt
% for In, separately. The normalized long-term leaching rates for Cs, Na,
In, and Cl under RT conditions are 0.019, 0.041, 0.009, and 0.057
gN/mZ/d, respectively; whereas under 90 °C conditions, the normalized
long-term leaching rates are 0.017, 0.019, 0.015, and 0.049 gN/mz/d,
respectively, reflecting superior performance compared to analogous
materials.

Therefore, the advanced waste form based on halide double perov-
skites, shown in Fig. 7e, presents substantial advantages as an envi-
ronmentally friendly waste form capable of simultaneously
immobilizing Cs, In, and Cl with enhanced chemical durability and high
waste-loading capacity. Moreover, the highly tunable crystalline struc-
ture of the current waste form (Cs;ABXg, A = K, Na; B=In, Nd, La, Ce; X
=F, Cl, Br, I) provides a feasible way to immobilize these radionuclides
in MSRs by substituting the chemical composition of the current crys-
talline structure to generate a novel waste form, which can significantly
broaden their application in waste separation and accommodation.
Importantly, the composite waste form exhibits low-temperature curing
capabilities that surpass those of other waste forms, along with the po-
tential selective separation of molten salt elements, making it a highly
viable option for effectively managing complex and easily migratory
wastes from MSRs.

The author further explored the pressureless and low-temperature
(600 °C) sintering process for the composite waste form to facilitate
its industrial application through coupling melting of the perovskite
(15-25 wt%) with the waste form as denoted in Supplemental Fig. S6.
The as-fabricated waste form demonstrated a uniform elemental distri-
bution and smooth sample surface, with a measured theoretical density
above 95 %. However, further research is required to fundamentally
understand the microstructural evolution and phase degradation
behavior of the current waste form, which could provide the necessary
guidelines for the design and fabrication of robust protective matrices to
simultaneously enhance the chemical durability and waste loading of
double perovskites.

5. Summary and conclusions

This study demonstrated a novel strategy to simultaneously immo-
bilize halide radionuclides, Cs, and eutectic salt elements through a low-
temperature process. A self-assembled Bi-Zn-B low-temperature glass
was successfully fabricated with a glassification point of approximately
400 °C. This approach enables a high encapsulation capacity for the
elements from salt waste streams (Cs, In, and Cl) while achieving
excellent chemical durability. The key findings are summarized as
follows.

1. Multiple radionuclide elements from the MSRs salt waste stream can
be simultaneously immobilized into the glass matrix at a temperature

Ceramics International 51 (2025) 52662-52675

as low as 430 °C, demonstrating a high waste-loading capacity (the
waste loading of Cs, In, and Cl are 21.6, 9.3, and 17.3 wt%, respec-
tively) and outstanding chemical durability (the normalized long-
term leaching rates for Cs, In, and Cl are 0.017, 0.015, and 0.049
gn/m2/d, respectively, under 90 °C).

2. The thermodynamically driven diffusion of water molecules and
surface reconstruction occurs within the alteration layer of the
sample surface. Initial rapid dissolution was followed by the release
of Cs, Na, In, and Cl, which underwent prolonged diffusion. Addi-
tionally, the gradual reprecipitation of Bi, Cl, and In occurred in the
alteration layer.

3. During the initial phase, an incongruent leaching mechanism pre-
dominates the release of elements from the composite waste form,
which is primarily determined by the bond strength within the 2D
structure of the double perovskite. Moreover, the BiOCl passivation
structure formed between the micro-sized bismuth zinc borate glass
matrix and CsyNalnClg aided in stabilizing the corrosion-sensitive
CsoNalnClg component.

4. The chemical stability of the chemical components (Cs, Na, In, and
Cl) within the double perovskite structure exhibited anisotropic
characteristics, manifesting as favorable elemental release of Cs and
Cl along the (111) crystallographic direction and Na and Cl along the
(100) and (110) directions, respectively. Notably, indium demon-
strated the highest structural stability, which is consistent with
experimental observations.

Overall, this study demonstrates the feasibility of employing halide
double perovskites as a potential waste form capable of effectively
immobilizing salt waste streams from advanced nuclear energy systems
such as MSRs or the electropyroprocessing of spent nuclear fuel.
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