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Structural investigation of the efficient capture of
Cs+ and Sr2+ by a microporous Cd–Sn–Se ion
exchanger constructed from mono-lacunary
supertetrahedral clusters†
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Visualization of the ion exchange mechanism for 137Cs and 90Sr decontamination is important for safe

radioactive liquid waste reprocessing and emergency response improvement in the event of a nuclear

accident. Here, the remediation of Cs+ and Sr2+ was achieved through ion exchange using a cadmium

selenidostannate, [CH3NH3]3[NH4]3Cd4Sn3Se13·3H2O (CdSnSe-1), with rapid exchange kinetics, high β/γ
radiation resistances, broad pH durability and facile elution. The framework constructed from mono-

lacunary supertetrahedral clusters features a great negative charge density of 3.27 × 10−3 that accounts

for the superhigh exchange capacities of 371.4 (Cs+) and 128.4 mg g−1 (Sr2+). Single-crystal structural ana-

lysis on the exchanger during the “pristine–ion exchange–elution” cycle supplies instructive information

to elucidate the uptake and recycle mechanism for Cs+ and Sr2+. The broken symmetry of the cluster

caused by a vacant site, combined with the co-templating effects of mixed methylammonium/

ammonium, contributes to the formation of voids I and II that show adsorption activity for both Cs+ and

K+ ions. In comparison, the divalent Sr2+ ions with higher hydration degree exchange with (alkyl)

ammonium cations in a 1 : 2 molar ratio, resulting in its location at a new void (III) closer to the framework

and thus a higher binding strength. The energy variation during the adsorption process based on a DFT

calculation illustrates the high efficiency of CdSnSe-1 for capture of both Cs+ and Sr2+. This “visualized”

ion exchange underlines the robustness and flexibility of CdSnSe-1 as a Cs+ and Sr2+ trapper, and reveals

the deeper structure–function relationship from a new surface interaction viewpoint.

Introduction

The rapid growth of the nuclear energy industry has brought
about an increasing amount of hazardous radionuclides that
can cause significant damage to the environment and public
health.1,2 137Cs and 90Sr, with half lives of around 30 years, are
two primary fission products from 235U, and they can emit β or
γ radiation and exhibit high levels of toxicity for human

bodies, especially for people affected by nuclear accidents.3,4

For example, the Fukushima nuclear leakage accident in 2011
resulted in the release of large quantities of 137Cs+ and 90Sr2+

ions into the surrounding environment. With a high migration
ability, they are enriched in water,5 soil,6 forest vegetation7 and
other organisms.8 Upon ingestion, 137Cs+ can accumulate in
body fluid/soft tissues and cause damage or death to cells,9

while 90Sr2+ is preferentially fixed in bone mass and increases
the risk of illnesses like osteoporosis, leukemia, or even bone
cancer.10,11 On the other hand, 137Cs+ and 90Sr2+ ions generate
large amounts of heat during their decay processes, which
pose a requirement for greater storage room and better encap-
sulation technology in geological repositories.12 This leads to a
great risk for the storage of nuclear liquid waste over a long
period. In this context, the efficient removal of 137Cs+ and
90Sr2+ can not only improve the emergency response capability
in the event of a nuclear accident, but also reduce the cost and
burden of safer nuclear liquid waste reprocessing. The recov-
ered 137Cs and 90Sr radionuclides can be further purified as
excellent heating or radiation sources for nuclear batteries,
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thermoelectric generators and cancer radiotherapy, providing
feasible ways for their recycling and comprehensive
utilization.13–15

Hitherto, Cs+ and Sr2+ pollutants have been eliminated
through a variety of technologies, like precipitation,16,17

solvent extraction,18,19 membrane filtration,20,21 biological
treatment,22,23 and ion exchange.24,25 However, there are some
specific disadvantages with these methods. For example, pre-
cipitation cannot sufficiently reduce the ion concentration
below the limit level to meet the relevant water quality stan-
dards, and moreover, it introduces large quantities of salt ions
or solution pH deviation, which necessitates complex second-
ary treatment. The application of solvent extraction is subject
to the use of toxic organic extractants. Membrane filtration
suffers from membrane fouling, low recovery rate and high
energy consumption. Moreover, biological treatment is usually
sensitive to pH, temperature, nutrient availability, etc. and
thus the microbes could be readily inhibited or poisoned as
they encounter a sudden change of environment. In compari-
son, ion exchange emerges as a promising method for Cs+ and
Sr2+ removal owing to its high efficiency, facile operation, and
simple device, to name several advantages. In most cases, the
ion exchange method will produce high-quality treated
effluent, and it will not cause secondary pollution due to the
safe landfill disposal of used adsorbents. Inorganic porous
materials with high radiation and thermal stabilities have
been extensively employed for the removal of radioactive Cs+

and Sr2+, as confirmed by the great development made in
research on zeolites,26,27 clays,28,29 titanium silicates,30,31

phosphates,32,33 molybdates,34 etc. However, these oxide
exchangers usually lose their activities in acidic/alkaline or
highly salty environments, and thus cannot be used in the
extreme conditions in the practical treatment of nuclear liquid
wastes. Therefore, developing new advanced materials for the
effective removal of Cs+ and Sr2+ from aqueous solutions has
recently received extensive public attention.

Metal chalcogenide materials with labile extra framework
cations are a type of prospective ion exchanger because they
possess soft chalcogen atoms (e.g. S, Se) that show a strong
affinity to softer metal cations against harder H+, Na+ or Ca2+.
Hitherto, important progress has been obtained on the uptake
of Cs+ and Sr2+ by metal sulfides, e.g. KMS-1,35 KMS-2,36

KTS-3,37 FJSM-SnS,38 ZnSnS-1,39 InS-1,40 InS-2,41 KZTS,42

NaTS,43 SbS-1K,44 oxysulfides as InSnOS materials,45,46 and
selenides like K14Cd15Sn12Se46,

47 CuGeSe-1,48 and AgSnSe-1.49

These ion exchangers exhibit fast exchange kinetics, superior
capacities, excellent selectivity and good acid/base and radi-
ation resistances. However, there are still serious unresolved
issues that hinder the design and preparation of new advanced
exchangers. One of the issues is the uncertainty of the exact
adsorption site for Cs+ and Sr2+ in most cases due to the lack
of good crystallinity on the exchange process, as limited to
recent examples including InSnS-1,50 FJSM-SbS,51 ZnSnS-1,39

CuGeSe-1,48 and AgSnSe-1.49 In addition, the effects of the
chemical environment on adsorption selectivity are not well
understood, especially for cases where the intercalation of

larger hydrated ions is inhibited to some extent. This context
proposes higher requests for the study of the ion exchange
mechanism at a molecular level, which relies on the building
of a robust chalcogenide framework with versatile tunnels/
voids for cation encapsulation.

Highlighted here is a porous material construction strategy
using lacunary supertetrahedral clusters as building units,
which is proposed primarily for the following three reasons.
(a) With large size and remarkable interlinking capability, the
supertetrahedral clusters prove to be effective building units
for constructing microporous frameworks with an open tunnel
system, which is a critical premise for the transfer of metal
ions. (b) The formation of vacant sites in the cluster would
cause molecular symmetry breaking and thus enrich the
specific voids (i.e. adsorption sites) with different chemical
environments to detect their distinction in metal uptake. (c) As
illustrated previously,40 the employment of lacunary clusters as
building units can effectively increase the negative charge
density of the framework, which is beneficial for elevating the
theoretical exchange capacity of ion exchangers. In the present
work, this hypothesis was achieved by the deep eutectic solvo-
thermal preparation of a cadmium selenidostannate, namely
[CH3NH3]3[NH4]3Cd4Sn3Se13·3H2O (CdSnSe-1), which is con-
structed from the interlinkage of mono-lacunary P1-
[Cd4Sn3Se16]

12− clusters. CdSnSe-1 exhibits high ion exchange
capacities for both Cs+ (371.4 mg g−1) and Sr2+ (128.4 mg g−1),
together with rapid kinetics, wide pH durability, high radiation
resistance, facile elution and good selectivity against various
alkali/alkaline earth metal cations. Impressively, the structural
distinction of adsorption sites caused by cluster symmetry
breaking and its effect on the adsorption selectivity for Cs+

and Sr2+ was first revealed on the basis of the successful collec-
tion of single-crystal structures for pristine, Cs+ and Sr2+

exchanged (CdSnSe-1Cs and CdSnSe-1Sr) and K+ elution pro-
ducts (CdSnSe-1Cs-K and CdSnSe-1Sr-K). This work visualizes
the intercalation and elution of Cs+ and Sr2+ at the molecular
level, not only opening up a new perspective clarifying the ion
exchange mechanism, but also underlining the metal chalco-
genides constructed from lacunary clusters as advanced ion
exchangers for radionuclide decontamination (Fig. 1).

Experimental section
Materials

CdCl2·2.5H2O (99%, Sinopharm Chemical Reagent Co. Ltd), Sn
(99.99% Aladdin Reagent Co. Ltd), Se (99.99%, Aladdin
Reagent Co. Ltd), diethylamine hydrochloride (99%, Aladdin
Reagent Co. Ltd), N,N′-dimethylurea (98%, Aladdin Reagent
Co. Ltd), hydrazine hydrate (>98%, Aladdin Reagent Co. Ltd),
CsCl (99.9%, Aladdin Reagent Co. Ltd), SrCl2·6H2O (99.5%,
Shanghai Macklin Biochemical Co. Ltd), NaCl (GR, Sinopharm
Chemical Reagent Co. Ltd), KCl (GR, Aladdin Reagent Co. Ltd),
MgCl2·6H2O (99%, Shanghai Macklin Biochemical Co. Ltd),
CaCl2·2H2O (98%, Beijing J&K Scientific Co. Ltd), hydrochloric
acid (AR, Sinopharm Chemical Reagent Co. Ltd) and NaOH
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(AR, Sinopharm Chemical Reagent Co. Ltd) were commercially
available reagents and used without additional purification.

Characterizations and irradiation studies

Energy-dispersive spectroscopy (EDS) and elemental distri-
bution maps were recorded on an FEI Quanta FEG 250 scanning
electron microscope. FTIR spectra were obtained on a
PerkinElmer Frontier Mid-IR FTIR spectrometer using KBr
pellets. UV–vis reflectance of the solid-state samples (BaSO4 for
100% reflectance) was recorded on a PerkinElmer Lambda 750
UV–vis spectrophotometer. The absorption spectra were trans-
formed from reflectance spectra according to the Kubelka–
Munk function: F(R) = (1 − R)2/2R, where F(R) and R represent
the absorption and reflectance, respectively.52 Powder X-ray
diffraction (XRD, Cu-Kα, λ = 1.54178 Å) was performed on a
Rigaku SmartLab 9 kW diffractometer. X-ray photoelectron spec-
troscopy (XPS) was performed on a Thermo Scientific ESCALAB
250Xi spectrometer. H, C, and N elemental analyses of solid-
state samples were performed using an Elementar Vario EL
cube instrument. 1H and 13C NMR of the samples was per-
formed on a Bruker Avance III 400 instrument at room tempera-
ture, and mixed N2H4·H2O (98%)/D2O was used as the solvent.
The metal ion concentrations were measured using a Vista-MPX
Varian inductively coupled plasma optical emission spectro-
meter (ICP-OES) and a ThermoFisher iCAP RQ inductively
coupled plasma mass spectrometer (ICP-MS). CdSnSe-1 single
crystals were irradiated using γ ray for 100 kGy (1.2 kGy h−1)
and β ray for 100 and 200 kGy (50 kGy h−1). The γ irradiation
was conducted using a 60Co source that was provided by Suzhou
CNNC Huadong Radiation Co. Ltd, Jiangsu Province, China.
The β irradiation was performed using 10 MeV electron beams

that were generated using an electron accelerator from CGN
Dasheng Electron Accelerator Co. Ltd., Jiangsu Province, China.

Synthesis of CdSnSe-1

A mixture of CdCl2·2.5H2O (0.305 g, 1.33 mmol), Sn (0.119 g,
1 mmol), Se (0.42 g, 5.32 mmol), diethylamine hydrochloride
(0.384 g, 3.5 mmol), N,N′-dimethylurea (0.617 g, 7 mmol) and
N2H4·H2O (0.8 mL, 16.5 mmol) was sealed in a 25 mL Teflon
liner encapsulated in a stainless steel reactor and heated at
160 °C for 3 days. After natural cooling to room temperature,
the product was washed using deionized water and then dried
in air. Pure orange block-like crystals of CdSnSe-1 were col-
lected in a mass of 0.48 g, with a yield of 70.7% based on Sn.
Anal. calcd for C3H36N6O3Cd4Sn3Se13 (CdSnSe-1, FM =
2036.53): C, 1.769; H, 1.782; N, 4.127. Found: C, 1.791; H,
1.980; N, 4.151.

Ion exchange experiments

Ion exchange experiments were conducted using nonradio-
active Cs and Sr isotopes in a typical batch method at a V/m ratio
of 1000 mL g−1. A quantity of 20 mg of CdSnSe-1 was added to
a covered vial containing 20 mL of CsCl or SrCl2 aqueous solu-
tion with predetermined Cs+ or Sr2+ concentrations, and the
mixture was constantly stirred at room temperature (∼20 °C)
for 24 h to reach the adsorption equilibrium. Thereafter, the
exchanged product was collected by filtration (Whatman 102
paper) and washed using deionized water (DW) and then dried
in air. It was characterized using powder XRD, XPS, FTIR, UV–
vis, EDS, elemental distribution maps, etc. The exchange-satu-
rated products were obtained from 0.1 M CsCl and 0.1 M SrCl2
solutions, and their formulas were defined as
Cs5.6[CH3NH3]0.2[NH4]0.2Cd4Sn3Se13·3.5H2O (CdSnSe-1Cs) and

Fig. 1 Schematic representation for the construction of CdSnSe-1 and the following Cs+, Sr2+ ion exchange and K+-elution processes, during
which a significant structure–function relationship was revealed for optimizing the design and synthesis of materials.
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Sr2.85[CH3NH3]0.15[NH4]0.15Cd4Sn3Se13·6.5H2O (CdSnSe-1Sr),
respectively. Anal. calcd for C0.2H9Cd4Cs5.6N0.4O3.5Se13Sn3

(CdSnSe-1Cs, FM = 2649.52): N, 0.212. Found: N, 0.096. Anal.
calcd for C0.15H14.5Cd4N0.3O6.5Se13Sn3Sr2.85 (CdSnSe-1Sr, FM =
2206.49): N, 0.190. Found: N, 0.182. The Cs+ and Sr2+ metal
ions in the filtrate need to be diluted to a concentration range
below 200 ppb for ICP-MS characterization.

The individual Cs+ and Sr2+ (∼6 ppm) ion exchange kinetics
were studied in a contact time range of 0–2880 min. The
removal rate R (%), distribution coefficient Kd (mL g−1) and
equilibrium adsorption amount qe (mg g−1) were calculated
using eqn (1)–(3),

R ¼ C0 � Cf

C0
� 100% ð1Þ

Kd ¼ V
m
ðC0 � CfÞ

Cf
ð2Þ

qe ¼ V
m
ðC0 � CeÞ ð3Þ

where C0 (ppm), Cf (ppm) and Ce (ppm) represent the initial,
final and equilibrium concentrations of Cs+ and Sr2+ in
aqueous solution, m (g) is the mass of the ion exchanger, and
V (mL) is the volume of the test solution. The fitting of the
experimental data was conducted using a pseudo-second-order
kinetic model as described by eqn (4),

t
qt

¼ 1
k2qe2

þ t
qe

ð4Þ

where k2 (g mg−1 min−1) and qt (mg g−1) represent the rate
constant and exchange capacity at time t (min), respectively.

The individual Cs+ (∼3–824 ppm) and Sr2+ (∼3–741 ppm)
ion exchange isotherms were recorded at room temperature
for a 24 h contact time. The equilibrium curves were fitted by
Langmuir (eqn (5)) and Langmuir–Freundlich (eqn (6)) iso-
therm models,

qe ¼ qm
bCe

1þ bCe
ð5Þ

qe ¼ qm
ðbCeÞ1=n

1þ ðbCeÞ1=n
ð6Þ

where b (L mg−1) and qm (mg g−1) account for the Langmuir
constant and maximum exchange capacity, respectively, and n
is a parameter reflecting the heterogeneity of the system.

The pH effects on the individual Sr2+ and Cs+ (∼6 ppm) ion
exchange were studied in solutions with the required pH
(0–14) that were prepared by diluting Cs+ or Sr2+ from 600 ppm
to ∼6 ppm using accurately concentrated HCl and NaOH. The
contact time for ion exchange was 24 h, and the final pH after
the experiment was also measured. The solid product after the
ion exchange experiments was checked using powder XRD.

By analogy, the effects of Na+, K+, Mg2+, Ca2+ cations
(0–100 mmol L−1) on the individual Cs+ and Sr2+ (∼6 ppm) ion
exchange were studied using a similar method, just replacing
the pH adjustment with the dissolution of the required

amount of NaCl, KCl, MgCl2, CaCl2 in the solution. In
addition, deionized water (DW), mineral water (MW, from
Nongfu spring), tap water (TW, Xiqing District, Tianjin), and
lake water (LW, Tianjin University of Technology, Tianjin) were
taken as exchange media to assess the adsorption of Cs+ or
Sr2+ in actual environments.

For elution, the Cs+ and Sr2+ exchange-saturated products,
i.e., CdSnSe-1Cs and CdSnSe-1Sr (20 mg for each), were treated
with 1 M KCl solution (20 mL) with constant stirring for a
contact time of 24 h. The solid products were separated using
filtration (Whatman 102 paper), washed and dried in air.
The products were characterized using powder XRD,
TG, EDS and elemental mapping, and finally defined by
the formulas K6Cd4Sn3Se13·5H2O (CdSnSe-1Cs-K) and
K5.3Sr0.35Cd4Sn3Se13·6.5H2O (CdSnSe-1Sr-K).

Crystallography

The indexing and data collection of CdSnSe-1, CdSnSe-1Cs,
CdSnSe-1Sr, CdSnSe-1Cs-K and CdSnSe-1Sr-K single crystals
were conducted at 293 K using a Rigaku XtaLab PRO diffract-
ometer with graphite-monochromated Cu Kα radiation (λ =
1.54178 Å). A multi-scan technique was adopted for the
absorption corrections. The Cd, Sn and Se atoms in the struc-
ture were solved using a direct method (SHELXS-97), and the
remaining atoms were revealed by successive Fourier syntheses
(SHELXL2014).53 Refinements were performed for all data
using full matrix least squares against |F|2. All of the Cd, Sn,
Se, Cs, Sr, K, O, C and N atoms were anisotropically refined,
while the hydrogen atoms around the O, C and N atoms were
generated with idealized geometries. The details for crystallo-
graphic data and relevant structure refinement are listed in
Tables S1 and S2.†

Density functional theory (DFT) calculations

The Vienna Ab initio Simulation Package (VASP) with projector
augmented wave (PAW) potentials was used for the first prin-
ciples calculations.54,55 The Perdew–Burke–Ernzerhof (PBE)
functional of the generalized gradient approximation (GGA)
was adopted as the exchange correlation function.56 The
threshold of 10−4 eV and the plane-wave cutoff energy of 400
eV were set for the self-consistent-field convergence of the
total electronic energy. The adsorption energy (ΔEad) was cal-
culated as:

ΔEad ¼ Eðframþ adÞ � EðframÞ � EðadÞ ð7Þ
where E(fram + ad) is the energy of the framework with one
adsorbed Cs+ or Sr2+ ion, and E(fram), and E(ad) are the ener-
gies of the framework and one Cs+ or Sr2+ ion, respectively.

Results and discussion
Synthesis

CdSnSe-1 was prepared by reacting CdCl2·2.5H2O, Sn and Se in
a deep eutectic solvent (DES) consisting of diethylamine
hydrochloride and N,N′-dimethylurea in a molar ratio of 1 : 2.
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According to our previous studies, DESs prove to be excellent
media for the preparation of metal chalcogenides owing to
their bifunctional role as both a solvent and a source of
templates.48,49,57–61 For example, the DES employed here pro-
vides a unique ionic environment that facilitates faster dis-
solution of reagents and crystal growth of the product, result-
ing in a relatively shorter reaction time (3 days) and higher
yield (70.7%) for CdSnSe-1. In addition, N,N′-dimethylurea
underwent in situ hydrolysis during the reaction and the gener-
ated methylammonium cations were important charge-com-
pensating and structure-directing agents to create appropriate
chemical environments for metal adsorption. It is noticeable
that N2H4·H2O (98%) was added to the reaction system and the
N2H4·H2O :N,N′-dimethylurea molar ratio needed to be
tuned to 2.36 : 1 for isolation of the optimal CdSnSe-1
product. The decomposition of N2H4·H2O gives ammonium
species that perform as co-templates with the methyl-
ammonium cations. Such a co-templating mechanism inte-
grates well with the broken symmetry of the cluster due to the
introduction of a vacant site, which accounts for the formation
of voids with distinct chemical environments and adsorption
selectivity.

Structural description

CdSnSe-1 crystallizes in the trigonal R3m space group, featur-
ing an anionic framework of [Cd4Sn3Se13]n

6n− templated by
mixed methylammonium and ammonium cations. Isomorphic
frameworks were also observed in compounds K6Cd4Sn3Se13
and K3Rb3Zn4Sn3Se13 where alkaline metal ions were present
as counter cations.62,63 The [Cd4Sn3Se16]

12−-constructing block
for the 3D framework appears to be a mono-lacunary derivative
from the plenary P1-[Cd4Sn4Se17]

10− cluster upon removing
one [SnSe]2+ group at the terminal position (Fig. 2a). Each
lacunary [Cd4Sn3Se16]

12− cluster interconnects with six adja-
cent ones via the apical or impending Se2− ligands (Se(2)) to

form an anionic [Cd4Sn3Se13]n
6n− open framework (Fig. 2b and

c). The framework possesses intersecting micropores, whose
trigonal {Cd5Sn4Se9} cross-section is large enough (11.82 ×
11.15 Å2) for the transfer of hydrated Cs+ (rH = 3.29 Å) and Sr2+

(rH = 4.12 Å) ions (Fig. 2d and Fig. S1†).64 Equivalent amounts
of mixed ammonium and methylammonium were filled in the
void spaces as charge-compensating agents. These cations
exhibit relatively weak electrostatic interactions and hydrogen
bonds with the framework, endowing them with promising
mobilities that would undoubtedly facilitate the Cs+ and Sr2+

ion exchange process.

Characterization of the exchange-saturated products

The Cs+ and Sr2+ exchange-saturated products, i.e.
Cs5.6[CH3NH3]0.2[NH4]0.2Cd4Sn3Se13·3.5H2O (CdSnSe-1Cs)
and Sr2.85[CH3NH3]0.15[NH4]0.15Cd4Sn3Se13·6.5H2O (CdSnSe-
1Sr), keep the block-like crystal morphology very like that of
the CdSnSe-1 exchanger, apart from the color change from
orange to red and the fracture-caused rough surfaces
(Fig. 3a). As shown in Fig. 3b, the compounds are shown to
be direct semiconductors as the photon energy (hν) and the
band-gap energy (Eg) have a simple relation as αhν = const. ×
(hν − Eg)

1/2, where α can be computed using the Kubelka–
Munk function α/S = F(R) = (1 − R)2/2R.52 It is clear that the
ion exchange leads to a red shift of optical band gaps from
2.14 eV (CdSnSe-1) to 1.66 eV (CdSnSe-1Cs) or 1.64 eV
(CdSnSe-1Sr), in consistent with the color change of appear-
ance. EDS analysis and element mapping images illustrate
that Cs+ and Sr2+ ions enter the exchanger and exhibit a
homogeneous distribution in the exchanged samples (Fig. 3c
and Fig. S2–S4†). Elemental analysis suggests a significant
decrease in N components in the solid product upon the Cs+

and Sr2+ uptake, reconfirming the ion exchange mechanism
for the adsorption process. All the pristine and exchanged
materials were characterized by powder XRD (Fig. 3d). They

Fig. 2 (a) Structural derivation from a plenary P1-[Cd4Sn4Se17]
10− cluster to a mono-lacunary [Cd4Sn3Se16]

12− cluster. (b and c) Side and top view of
the interconnection between the central [Cd4Sn3Se16]

12− cluster (shown in color) and six surrounding ones (shown in pale and dark gray) in CdSnSe-
1. (d) Representation of the [Cd4Sn3Se13]n

6n− framework of CdSnSe-1. The gray-highlighted moiety is the {Cd5Sn4Se9} window.
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show similarity in diffraction patterns but distinction in 2θ
values, peak numbers and intensities, suggesting that the ion
exchange is an isotactic process. The retention of the frame-
work is further illustrated by single-crystal structures (as will
be discussed below in detail), whose simulated powder XRD
patterns match well with the experimental ones. In addition,
200 kGy β or 100 kGy γ radiation would not cause structural
and crystal damage to CdSnSe-1 (Fig. S5†), illustrating the
good radiolytic stability of the exchanger for capturing radio-
active isotopes.

High-resolution XPS of CdSnSe-1, CdSnSe-1Cs and CdSnSe-
1Sr show characteristic peaks for Cd and Sn elements (Fig. 4a).
The binding energies of 495.3 (Sn 3d3/2) and 486.9 eV (Sn
3d5/2) demonstrate the +IV oxidation state for Sn during the
ion exchange process, without any chemical reduction being
detected. The characteristic peaks for the adsorbed Cs+, Sr2+

and K+ ions are assigned to binding energies of 738.1 (Cs
3d3/2), 724.2 (Cs 3d5/2), 135.9 (Sr 3d3/2), 133.8 (Sr 3d5/2), 295.5
(K 2p1) and 293.0 eV (K 2p3) (Fig. 4b). Notably, the binding
energy for Se 3d3/2 (54.3 eV) is raised to higher values upon ion
exchange (54.6 eV for Cs+ adsorption, 54.7 eV for Sr2+ adsorp-
tion and elution by K+), which implies a decrease in the nega-
tive charge density of Se2− owing to the electron transfer to
Cs+, Sr2+ and K+ ions (Fig. 4c). This implies that the adsorbed
metal ions interact more intensely with the Se2− ions com-
pared with the original ammonium and methylammonium

ions. All these characteristic peaks are presented in the survey
spectra (Fig. 4d).

Ion exchange kinetics and isotherms

The uptake of Cs+ and Sr2+ ions by CdSnSe-1 single crystals
with increasing contact time was investigated (Fig. 5a and b).
The removal rates of Cs+ and Sr2+ were 71.06% and 74.45%
within 4 h and remained almost unchanged after 24 h. At equi-
librium (48 h for example), the removal rate of Sr2+ (94.85%)
was slightly higher than that of Cs+ (91.72%), implying an
intrinsically stronger affinity of CdSnSe-1 to Sr2+. The plots of
t/qt vs. t were well fitted with the pseudo-second-order model,
giving high correlation coefficients R2 of 0.99982 for Cs+ and
0.99922 for Sr2+ (insets of Fig. 5a and b). The adsorption rate
constants k2 of CdSnSe-1 were determined to be 0.00212 g
mg−1 min−1 for Cs+ and 0.00373 g mg−1 min−1 for Sr2+, which
are comparable with the values for some other metal sele-
nides, e.g., CuGeSe-1 (0.00635 g mg−1 min−1 for Cs+)48 and
AgSnSe-1 (0.00895 g mg−1 min−1 for Cs+).49 The calculated
values of qe were 5.79 mg g−1 for Cs+ and 5.85 mg g−1 for Sr2+,
in line with the practical ones (5.61 mg g−1 for Cs+ and
5.75 mg g−1 for Sr2+). These reconfirm the superior fit of the
pseudo-second-order kinetic model to experimental data,
suggesting that the chemical adsorption is the rate-determin-
ing step in the Cs+ or Sr2+ adsorption process.

Fig. 3 (a) Exterior appearances, (b) Kubelka–Munk spectra, (c) SEM and elemental mapping images and (d) powder XRD patterns of
pristine CdSnSe-1 and ion-exchanged products CdSnSe-1Cs and CdSnSe-1Sr. Eluted products CdSnSe-1Cs-K and CdSnSe-1Sr-K are also
included in (c) and (d).
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The ion exchange isotherms of CdSnSe-1 were recorded for
Cs+ (C0 ∼ 3–824 ppm) and Sr2+ (C0 ∼ 3–741 ppm) at room
temperature. Fig. 5c and d shows that the exchange capacity of
Cs+ or Sr2+ increases with the equilibrium concentration. The
equilibrium curve of Cs+ ion exchange can be fitted well by the
Langmuir model (R2 = 0.992), giving a maximum exchange

capacity qCsm of 371.4 mg g−1 that accounts for 94.9% of the
theoretical capacity (391.5 mg g−1) (Fig. 5c). The qCsm is 1.8–8
times higher than the capacities of commonly used natural or
artificially prepared Cs+ adsorbents like clay (46.3 mg g−1),65

Zeolite A (207.5 mg g−1),66 titanium silicate TAM-5 (191.8 mg
g−1),67 polyoxometalates I-as (134 mg g−1),68 and HKUST-1

Fig. 4 High-resolution XPS spectra of (a) Cd 3d, Sn 3d, (b) Cs 3d, Sr 3d, K 2p, (c) Se 3d and (d) survey XPS spectra before and after ion exchange
with Cs+, Sr2+, and eluted by K+. The overall fitting and experimental curves are shown in red solid and black dotted lines, respectively.

Fig. 5 (a and b) Variation of Cs+ and Sr2+ concentration and their removal rates with contact time t (min). Insert: plot of t/qt (min g mg−1) vs. t
according to the kinetic data (C0 ∼ 6 ppm, pH = 6, V/m = 1000 mL g−1, room temperature). (c and d) Equilibrium curves of Cs+ and Sr2+ adsorption
by CdSnSe-1 (CCs

0 ∼ 3–824 ppm, CSr
0 ∼ 3–741 ppm).
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(153 mg g−1),69 and is comparable with those of some best
metal chalcogenide materials such as KMS-2 (531.7 mg g−1),36

InSnOS (537.7 mg g−1)46 and FJSM-SnS (408.9 mg g−1) (Tables
S7 and 8†).38 As for Sr2+ exchange, the Langmuir–Freundlich
isotherm model fits better with the equilibrium curve (R2 =
0.980) than the Langmuir one (R2 = 0.939) (Fig. 5d). The higher
Langmuir–Freundlich constant (n = 2.42) indicates that the
adsorption deviates from the Langmuir isotherm model (n =
1),37,70 which is reasonable because the number of adsorbed
Sr2+ ions is only half that of the exchanged ammonium and
methylammonium cations and thereby results in a lower
surface coverage. The maximum exchange capacity qSrm was
determined to be 128.4 mg g−1, which is ∼99.5% of the theore-
tical capacity (129.1 mg g−1). A complete ionic substitution is
rarely reported for metal chalcogenide Sr2+ exchangers, whose
cation-accessible space is commonly insufficient for the
accommodation of large hydrated Sr2+ (e.g. [Sr(H2O)6]

2+) ions
in a full stoichiometric number.38,71 In contrast, the qSrm of
CdSnSe-1 exceeds those of the oxide adsorbents, e.g. clay
(39.7 mg g−1),65 Na2V6O16·3H2O (96.4 mg g−1),72 SZ-4
(117.9 mg g−1),73 and FJSM-CA (21.3 mg g−1),74 and even ranks
CdSnSe-1 ahead of some of the best metal chalcogenides like
KMS-1 (77 mg g−1),35 KMS-2 (86.89 mg g−1),36 KTS-3 (102 mg
g−1),37 NaTS (80 mg g−1),43 InS-1 (105.35 mg g−1),40 and
ZnSnS-1 (124.2 mg g−1),39 and very close to FJSM-SnS-4
(141.22 mg g−1)75 and the record-holder InS-2
(143.29 mg g−1).41

The excellent Cs+ and Sr2+ exchange capacities stem from
the high negative charge density of the [Cd4Sn3Se13]n

6n− frame-
work, which was calculated to be 3.27 × 10−3 according to the
equation ρ = z/Mr.

40 For each building block, the introduction
of one vacant site into the plenary P1-[Cd4Sn4Se17]

10− cluster
brings about a reduced molecular weight (from 2266.8 to
2069.1) and increased negative charge number (from −10 to
−12), synergistically enhancing the negative charge density of
the newly formed lacunary cluster. This pronounced ρ value
exceeds those of other selenide ion exchangers like
[NH4]4In12Se20 (1.35 × 10−3),76 CuGeSe-1 (1.93 × 10−3)48 and
AgSnSe-1 (1.53 × 10−3),49 and it compares well with those of
extensively studied metal sulfides such as KMS-1 (1.94 to 3.89
× 10−3),71 KMS-2 (1.99 to 4.40 × 10−3)36 and FJSM-SnS (3.44 ×
10−3).38 Consequently, the rich negative charges of the
[Cd4Sn3Se13]n

6n− framework need to be compensated by a great
quantity of ammonium and methylammonium cations,
endowing CdSnSe-1 with a high theoretical exchange capacity
for Cs+ and Sr2+.

Elution

The elution of Cs+ and Sr2+ ions can be easily achieved by
exposing Cs+- and Sr2+-laden products to highly concentrated
K+ (1 M KCl). EDS analysis and elemental mapping indicate
that 100% of Cs+ and 88.3% of Sr2+ were replaced by K+

(Fig. 3c and Fig. S10, S11†), giving the analogous potassium
salts of cadmium selenidostannate, i.e. K6Cd4Sn3Se13·5H2O
(CdSnSe-1Cs-K) and K5.3Sr0.35Cd4Sn3Se13·6.5H2O (CdSnSe-1Sr-
K). Once eluted, the original block-like morphology of the

exchanger was well retained, with no obvious cracks or frac-
tures. The powder XRD patterns shown in Fig. S12† indicate
the retention of the framework upon elution treatment, reflect-
ing an excellent mechanical resistance for the alternating
transfer of cations. Moreover, the eluted products can be
further used for adsorption towards Cs+ and Sr2+ (Fig. S13 and
S14†), whose removal rates were 64.97% and 61.54% within
4 h and remained almost unchanged after 24 h. The equili-
brium removal rates of Cs+ and Sr2+ were determined to be
92.64% and 98.01%, comparable with those of the pristine
exchanger. The retention of the framework structure and
exchange performance reveals a recycling potential of the
material for industry practice.

Structural and theoretical investigation of the ion exchange

Accurate structural investigations on the Cs+ and Sr2+

exchange-saturated and eluted products were performed by
means of single-crystal XRD to give illuminating insights into
the ion exchange mechanism. All four samples, i.e. CdSnSe-
1Cs, CdSnSe-1Sr, CdSnSe-1Cs-K and CdSnSe-1Sr-K, crystallize
in the same trigonal R3m space group as that of CdSnSe-1, fea-
turing the same parent framework architecture. Upon the
uptake of Cs+, the unit cell volume expands by 2.5%, from
3097.30(6) to 3176.24(11) Å3, as the length of c axis is increased
from 16.0233(2) to 16.4222(4) Å. This stems probably from the
steric interactions from larger Cs+ ions to the framework,
which is mirrored by an enlargement of the Cd(2)–Se(2)–Sn(1)
bond angle from 97.35 to 99.23°, as well as a broadening of
the {Cd5Sn4Se9} window from 11.82 × 11.15 to 12.01 ×
11.15 Å2. Once the Cs+ (structural ionic radius rs: 1.69 Å) is
eluted by the smaller K+ (rs:1.33 Å),64 the a/b and c axes are
shortened to 14.8258(2) and 16.0744(4) Å, respectively, result-
ing in a unit cell contraction back to 3059.86 (11) Å3 that is
1.2% smaller even than that of the pristine exchanger. In com-
parison, although the growth of the c axis was also observed
for the incorporation of Sr2+, the a and b axes were contrarily
shortened from 14.94000(10) to 14.7181(2) Å due to the fact
that the (alkyl)ammonium ions were replaced by Sr2+ in a half
quantity owing to the +2 charge on the latter being twice as
high as that on the former. This contributes to an overall
retention of the unit cell volume upon Sr2+ exchange. The
framework flexibility of materials bears importance for some
specific functions such as separation, purification, and mole-
cular/ion recognition.77–80 Nevertheless, the dynamic response
has rarely been investigated for metal selenide exchangers,
being limited to examples like K14−xHxCd15Sn12Se46 (x ≈ 7),47

[NH4]4In12Se20,
76 CuGeSe-1,48 and AgSnSe-1,49 hampering the

deeper understanding of the selective adsorption mechanism.
The introduction of a vacant site reduces the cluster sym-

metry from Td to C3v, with a 3-fold rotation axis passing
through the vacant site and the center of three apical vertices
of the cluster. This configuration gives rise to an obvious dis-
tinction in chemical environment between the space voids that
are positioned around the vacant site (void I) of the cluster and
that at the hollow between two apical vertices (void II), respect-
ively (Fig. 6a and b). Void I is occupied by one methyl-
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ammonium cation with the methyl group pointing outwards
from the cluster, while void II is filled by an inner ammonium
cation together with an outer water molecule. Consequently,
for each cluster, there are three methylammonium cations
evenly distributed around the truncated vertex, and three extra
ammonium cations located at the edge centers of the bottom
plane generated by the other three vertices (Fig. 6c–e).
According to the elemental analysis, 93.3% of the ammonium
and methylammonium ions are substituted by Cs+ ions, which
are located at both voids I (Cs(1)) and II (Cs(2)) with equivalent
occupancies (Fig. 6f). Both Cs(1)+ and Cs(2)+ are surrounded
by six Se2− ions and the Cs⋯Se distance ranges from 3.6270
(15) to 3.9320(17) Å. A bridging aqua ligand (O(1W), ∼50%
occupancy) is located between adjacent Cs(1)+ and Cs(2)+ ions,
and there is another extra water molecule (O(2W), ∼50% occu-
pancy) detected close to Cs(2)+ (Fig. 6g and h). The case
becomes different for the Sr2+-laden product, where more than
95% (based on elemental analysis) ammonium and methyl-
ammonium ions are replaced. Distinct from the two-positional
distribution of Cs+, all the Sr2+ ions are located at a new site
(denoted as void III) that remains in parallel with the plane
generated by two impending Se(2)2− ions around the vacant
site and two bridging Se(4)2− ions from two adjacent clusters
(Fig. 6i). In this case, each Sr2+ interacts with the overall four
Se2− ions of the framework, featuring a shorter Sr⋯Se distance
range of 3.212(4)–3.275(3) Å compared with Cs⋯Se interaction.

The remaining space of the Sr2+ coordination sphere is filled
with approximately two aqua ligands that are distributed at
four positions (O(1W), O(2W), O(3W) and O(4W)), forming a
{(H2O)2Sr} plane that is perpendicular to the {Se4Sr} plane
(Fig. 6j and k). The higher hydration degree of the adsorbed
Sr2+ (Sr2+ : H2O ≈ 1 : 2 in molar ratio) compared with Cs+

(Cs+ : H2O ≈ 2 : 1 in molar ratio) is in good agreement with the
hydrated radius order of rSrH (4.12 Å) > rCsH (3.29 Å) in aqueous
solution. Upon elution, both Cs+ and Sr2+ adsorbed in the
exchanger would be substituted by K+ ions, which occupy
almost the same positions as the Cs+ because of their common
alkaline metal nature (Fig. 6l). The hydration degree of the K+

salt analog is detected to be higher than the Cs+-laden
product, in accordance with the similarity of Cs+ and K+ in
hydrated radii (Cs+, 3.29 Å; K+, 3.31 Å), but distinction in struc-
tural radii (Cs+, 1.69 Å; K+, 1.33 Å) (Fig. 6m and n). That is to
say, the hydration tendency of Sr2+ > K+ > Cs+ is well kept in
the crystal lattice, where the Sr2+, K+ and Cs+ metal centers are
coupled with approximately two, one and one-half water mole-
cules, respectively.

Density functional theory (DFT) calculations were further
conducted on the crystal structures of exchanged products to
explore the efficiency of voids for Cs+ and Sr2+ capture (Fig. 7
and Table S9†). The adsorption energy of each Cs+ at voids I
and II was calculated to be −51.95 and −51.79 kcal mol−1,
respectively, which indicates a favorable thermodynamic

Fig. 6 (a and b) Representations of voids I and II around the mono-lacunary [Cd4Sn3Se16]
12− cluster. Positions and coordination environments of

ammonium/methylammonium, Cs+, Sr2+ and K+ in (c–e) CdSnSe-1, (f––h) CdSnSe-1Cs, (i–k) CdSnSe-1Sr and (l–n) CdSnSe-1Cs-K/CdSnSe-1Sr-K.
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process for the capture of Cs+ by both two nonequivalent sites
(Fig. 7b and c). This agrees well with the almost complete sub-
stitution of ammonium or methylammonium by Cs+ and the
equivalent distribution in quantity over these two sites that is
revealed by elemental analysis, TG curves (Fig. S15†) and
single-crystal refinement. In comparison, the adsorption
energy of Sr2+ at void III was determined to be −160.87 kcal
mol−1 (Fig. 7d), which is even higher than the values recorded
for Cs+ adsorption. This reveals a stronger affinity of the
CdSnSe-1 framework to Sr2+ than Cs+, which certificates the
conclusion drawn from the aforementioned exchange kinetic
study. It is further reflected by the absence of Cs+ but the
small amount of residual Sr2+ in the exchanger upon elution
with concentrated K+. Calculations were also conducted on the
hypothetical adsorption of Sr2+ in void I or II, but the results
cannot converge reasonably, or instead give the fragmentation
of the molecules. This suggests the invalidity of original sites
occupied by ammonium or methylammonium for the capture
of Sr2+, which is probably caused by the stereochemical con-
straints of the larger hydrated Sr2+ compared with Cs+ and/or
the unbalanced charge distribution over a crystal lattice that is
not beneficial for stabilization. In one word, the exiting “visu-
alization” of the complete Cs+ and Sr2+ adsorption and K+-
elution processes through well-refined single-crystal structures
not only underlines the robust and flexible framework of the
CdSnSe-1 exchanger, but also supplies important information

for the recognition of ionic species varying in size, charge and
other physicochemical properties.

Effects of pH on the ion exchange

Because the radioactive Cs+- and Sr2+-contaminated water
would be acidic or alkaline, it is highly desirable to investigate
the influence of solution pH on the performance of CdSnSe-1.
The ion exchange features a bimodal-shape variation of Kd

with pH, where the peak values are positioned at pH 5 (1.11 ×
104 mL g−1) and 11 (1.42 × 104 mL g−1) for Cs+, and pH 6
(1.96 × 104 mL g−1) and 11 (1.50 × 104 mL g−1) for Sr2+ (Fig. 8a
and b). In general, a Kd larger than 104 mL g−1 is evaluated as
good for adsorbents, and CdSnSe-1 compares well with some
outstanding bi-functional Cs+ and Sr2+ exchangers with Kd

values ranging from 103 to 105 mL g−1, such as KMS-1 (KCs
d =

2 × 104 mL g−1; KSr
d = 1.52 × 105 mL g−1),35,71 KMS-2 (KCs

d = 4.56
× 103 mL g−1; KSr

d = 1.45 × 105 mL g−1),36 KTS-3 (KCs
d = 5.5 × 104

mL g−1; KSr
d = 3.9 × 105 mL g−1),37 and FJSM-SnS (KCs

d = 2.36 ×
103 mL g−1; KSr

d = 8.89 × 104 mL g−1).38 The higher Kd values
that occur at weakly acidic and alkaline conditions probably
stem from the increase in ionic strength. Actually, both KCs

d

and KSr
d remain at a level higher than 3.70 × 103 mL g−1 over

pH 4–12, indicating a remarkable acid/base resistance of
exchange performance on CdSnSe-1. Especially, CdSnSe-1 still
exhibits superior removal efficiencies for Sr2+ at pH 3 (KSr

d =
1.18 × 103 mL g−1) and pH 13 (KSr

d = 7.46 × 102 mL g−1), outper-
forming most metal chalcogenide Sr2+ exchangers under
highly acidic and alkaline conditions. Powder XRD measure-
ments reveal a good structural stability of CdSnSe-1 at pH 4–13
for Cs+ adsorption and pH 3–13 for Sr2+ adsorption (Fig. S17†).
Stronger acidic (pH 0–2) or alkaline (pH 14) environments
result in the collapse of the exchanger framework and give
black residues (Fig. S18 and S19†), and thus give rise to worse
adsorption performances with R < 35.54% for both ions. In
addition, the initial solutions at pH 4–10 were finally neutral-
ized to pH 8.5–10.1 for Cs+ and pH 7.9–9.4 for Sr2+, suggesting
a buffering role of CdSnSe-1 in accepting or donating protons
during the ion exchange processes (Fig. 8a and b).

Effects of coexisting ions on the ion exchange

The waste solution may contain Na+, K+, Mg2+ and Ca2+ ions
that would influence the Cs+, Sr2+ exchange. Fig. 8c and d
shows the variation of KCs

d and KSr
d with the concentration (0.1,

1, 10 and 100 mmol L−1) of each individual coexisting ion.
Na+, Mg2+ and Ca2+ exhibit a marginal influence on the Cs+

adsorption, where the KCs
d values are kept at higher than 103

mL g−1 even when the concentrations of these ions are
increased to 100 mmol L−1. In contrast, the adverse impact of
K+ is more significant, as evidenced by the decrease in KCs

d to
2.68 × 102 mL g−1 in the presence of K+ (100 mmol L−1). This
arises from the comparability of Cs+ and K+ in both hydrated
(Cs+, 3.29 Å; K+, 3.31 Å) and structural ionic radii (Cs+, 1.69 Å;
K+, 1.33 Å). For Sr2+ adsorption, less concentrated
(0.1–10 mmol L−1) Na and K+ ions would not reduce but would
raise the KSr

d up to a level higher than 2.22 × 104 mL g−1.
Especially, the KSr

d can even reach 9.11 × 104 and 8.17 × 104 mL

Fig. 7 DFT-modified structures of (a) CdSnSe-1, (b) CdSnSe-1Cs (void
I), (c) CdSnSe-1Cs (void II) and (d) CdSnSe-1Sr (void III) showing the
position of ammonium/methylammonium, Cs+ and Sr2+ related to the
mono-lacunary cluster and the corresponding coordination environ-
ments. Extra Cs⋯Se and Sr⋯Se interactions with adjacent clusters are
not shown for clarity.
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g−1 in the presence of 0.1 mmol L−1 K+ and 1 mmol L−1 Na+,
respectively. This may be ascribed to the increase in overall
ionic strength that is analogous to the observation in the pH
effect study. Another possible reason is the charge distinction
as Sr2+ is a divalent cation while Na+ and K+ are monovalent
cations. In comparison, the uptake of Sr2+ is more sensitively
affected by Mg2+ and Ca2+ ions, whose hydrated ionic radii
(Mg2+, 4.28 Å; Ca2+, 4.12 Å) are closer to that of Sr2+ (4.12 Å)
than those of Na+ (3.58 Å) and K+ (3.31 Å). The KSr

d decreases
from 1.96 × 104 (blank) to 7.18 × 102 mL g−1 as the concen-
tration of Mg2+ is increased to 10 mmol L−1, and if the Mg2+ is
replaced by Ca2+, the KSr

d value will decline more sharply to
76.53 mL g−1. The more severe effect of Ca2+ than Mg2+ can be
ascribed to its higher similarity to Sr2+ in both structural ionic
radius (Mg2+, 0.65 Å; Ca2+, 0.99 Å; Sr2+, 1.13 Å) and chemical
properties.

Ion exchange in actual water environments

The Cs+ and Sr2+ (C0 ∼ 6 ppm for each) ion exchange perform-
ances of CdSnSe-1 were also explored in mineral water (MW),
tap water (TW) and lake water (LW). The experiments per-
formed in deionized water (DW) were adopted as a control
(Fig. 9 and Table S14†). CdSnSe-1 displays superior Cs+ adsorp-
tion in MW and TW, with corresponding Kd values of 3.43 ×
103 mL g−1 (R = 77.41%) and 3.83 × 103 mL g−1 (R = 79.31%),
respectively. Even in LW, the Kd value is still kept higher than
1.20 × 103 mL g−1 (R = 54.62%), which can be ascribed to the
good resistance of CdSnSe-1 to relatively highly concentrated
Na+ (683.05 ppm), Mg2+ (102.80 ppm) and Ca2+ (81.20 ppm). In
comparison, the Sr2+ exchange is influenced more significantly
by the actual environment. Based on the analysis of water
quality, the Ca2+ concentration follows the order of MW

(9.88 ppm) < TW (36.3 ppm) < LW (81.20 ppm). 47.81% and
38.83% of Sr2+ can be eliminated from MW and TW, and the
removal further drops to 17.05% in LW. This contributes to
lower Kd values of 9.16 × 102 (MW), 6.35 × 102 (TW) and 2.06 ×
102 mL g−1 (LW) compared with those for Cs+ adsorption.

Conclusion

Efficient remediation of Cs+ and Sr2+ through the ion exchange
method was achieved using a cadmium selenidostannate
CdSnSe-1, whose unique open framework constructed from
mono-lacunary supertetrahedral clusters facilitates the sys-
tematic investigation of capture and elution mechanism at the
molecular level. CdSnSe-1 exhibits rapid ion exchange kinetics,

Fig. 8 Variation of Kd with (a and b) solution pH and (c and d) increasing concentrations of coexisting ions (pH ∼6) for Cs+ and Sr2+ ion exchange
by CdSnSe-1. The end pH values after exchange are shown as yellow scatters in (a) and (b). Note: C0 ~ 6 ppm, 25 °C, V/m = 1000 mL g−1, contact
time = 24 h.

Fig. 9 Kd for Cs
+ and Sr2+ ion exchange by CdSnSe-1 performed in DW,

MW, TW and LW.
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wide pH durability, high exchange selectivity and β and γ radi-
ation resistance. Particularly, the [Cd4Sn3Se13]n

6n− framework
features a large negative charge density of 3.27 × 10−3 that
accounts for the superhigh exchange capacities of 371.4 mg
g−1 for Cs+ and 128.4 mg g−1 for Sr2+. Moreover, the facile
elution of adsorbed Cs+ and Sr2+ ions by K+ endows this
material with a promising potential for recycling. Single-crystal
structural analysis on the solid at different stages in the “pris-
tine–exchange–elution” cycle supplies instructive information
to clarify the uptake and recycle mechanism for Cs+ and Sr2+.
The co-templating effects of mixed methylammonium/
ammonium and the broken symmetry of the cluster caused by
the vacant site contribute to the formation of two types of
voids (I and II) that show adsorption activity for both mono-
valent Cs+ and K+ ions. In comparison, the divalent Sr2+ ions
with a higher hydration degree exchange with the (alkyl)
ammonium cations in a 1 : 2 molar ratio, resulting in their
location at a new void (III) closer to the framework and thus
higher binding strength. DFT calculations performed on the
well-refined crystal structures illustrate the efficiency of
CdSnSe-1 for Cs+ and Sr2+ capture according to the energy vari-
ation during the adsorption process. In one word, the “visual-
ized” mechanism research presented here sheds light on a
deeper understanding of the structure–function relationship
for materials, which is of great significance for methodological
innovation in radionuclide remediation.
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