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ABSTRACT: Chalcogenide-based aerogels are emerging porous semiconducting
nanomaterials that appeal to applications in clean energy and the environment.
Here, we report a novel gel, potassium—tin—molybdenum—sulfides (KTMS), that
integrates the electrostatically bound K" ions in the covalent network of Sn—Mo—
S. Its gelation requires a concurrent reduction of Mo® — Mo*/>" and the
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oxidation of $*” — S§" (n ~ 1) and Sn** — Sn*". KTMS is an amorphous
semiconductor showing quantum confinement effects on band gap energies, 2.1 — s
Sn-Sn/Mo)

1.4 = 0.9 eV for its wet- — aero- — xerogels. Synchrotron X-ray pair distribution
function (PDF) and extended X-ray absorption fine structure (EXAFS) revealed a
complex local structure of KTMS consisting of molecular Mo,(S,)s and Mo,S(S,)s
clusters. In addition, the Sn—S coordination is related to crystalline Na,Sn;Sg and 20000
SnS,. KTMS also demonstrated the removal of the radionuclides of Cs*, Sr**, and
UO,>" from ppm to ppb levels with distribution constants (K;) up to >10* mL/g.
Notably, despite the lack of atomic periodicity in the amorphous KTMS, the K* ion is ion-exchangeable with chemically diverse Sr**,
Cs*, and UO,*" in aqueous solutions; especially the ion-exchange properties of Sr** and UO,**=(0=U=0)" is not known to any
chalcogels known to date. The sequestration of Cs* and Sr** was achieved by the exchange of K* in the amorphous KTMS, and the
removal of [O=U®=0]*" synergistically involves surface sorption via —S-*U%*=0,?* covalent interactions and ion-exchange via
the hard—soft Lewis acid—base paradigm. Overall, cooperative roles played by the diverse bonding motifs, surface-exposed Lewis
basic frameworks, and polarizability of the (poly)sulfides make it an exceptional adsorbent for chemically diverse radioactive species.
This finding will guide the design of superior sorbents for chemically distinct metal ion separation.
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B INTRODUCTION “chalcogels”.* To date, the synthesis of chalcogenide-based

gels was accomplished in different synthetic routes, namely

Chalcogenide-based aerogels are an emerging class of porous
panoscopic materials that consist of (poly)chalcogenide and/
or metal chalcogenide anionic clusters.'™® This class of
materials possesses remarkable interest because of their unique
properties, such as surface polarizability, Lewis basicity,
semiconductivity, and random porosities among the inter-
connected nanoparticles. Integration of these features enables
chalcogels to find applications in sustainable energy and
environmental technologies that include, but are not limited to,
electro- and photocatalysis,’~'® electrochemical energy stor-
age,'' hydrodesulfurization catalysis,'> and environmental
remediation of hazardous aqueous and gaseous pollutants."*~"*

The chalcogenide-based aerogel was first discovered in the
early-2000s by Brock and co-workers for binary metal
chalcogenides and proposed a general synthetic strategy that
entails oxidative aggregation of metal chalcogenide nano-
particle building blocks.”"” Later, Kanatzidis and co-workers
reported another synthetic strategy using metal chalcogenide
clusters which allowed the expansion of their chemistry with
diverse chemical compositions and named the materials
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thiolysis, nanoparticle condensation, oxidative coupling, and
metathesis.””'**° The metathesis synthesis route utilizes the
salts of chalcogenide clusters and metal linkers where the
anionic building blocks of the chalcogenide clusters are cross-
linked by metal cations to form molecular size entities which
then extend in a polymer-like network. Since the discovery of
chalcogels, a large variety of chalcogenide clusters, such as
[MQ4:|4_; [M2Q6:|4_1 and [M4Q.10]4_ (M =Ge, Sn; Q =, Se))
[MQ,]*" and [M;Qy;]* (M = Mo; Q = S, Se), [MQ,]*~ (M =
Sb, As; Q = S), [MTe;]>~ (M = Sb, Bi) and polysulfide ligands
S, (x = 4,5,6), have been identified to form chalcogels in
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c0n7junction with transition and p-block metal link-
ers.”!»!®1721732 The formation of the chalcogel is mainly
attributed to covalent interactions of soft polarizable sulfide
and transition metal or p-block cations. The presence of alkali
metal cations can introduce electrostatic interactions in the
covalent network of chalcogels, which can be exchanged with
cations with a greater affinity toward chemically soft Lewis
basic (poly)sulfide network of the chalcogel in accordance with
Pearson’s hard and soft Lewis acid—base paradigm (HSAB).*
The ion exchange properties of the chalcogel were reported for
amorphous KPtS,** (NH,)o;MoS,,'* and nanocrystalline
KCo04S,;,”* where K* and NH," ions were exchanged with Cs*,
and/or K. In addition, crystalline layered metal sulfides, such
as K, Mn, Sn;_ S, (x = 0.5—0.95, KMS-1)*° and K,,Sn,_,Sg_,
(x = 0.65—1, KTS-3),* are attributed to the separation of
UO,*, Cs*, Sr** and heavy metals cations®’ from aqueous
solution by integrating these ions into their interlayered space
by ion exchange. Notably, the linear geometry of the UO,*
(O=U=0)*" ion facilitates its intercalation by the exchange
of the K* ion of KMS-1 and KTS-3.>° Hence, by integrating
the ion exchange properties of amorphous chalcogels and
crystalline layered metal sulfides, one may presume that the
alkali metal-containing chalcogels can integrate (O=U=0)*"
into their structure matrix by ion-exchange. In addition, Riley
et al. reported that unsaturated and coordinatively saturated
sulfides of the colloidal surface of the amorphous chalcogel
show the sorption of UO,** via “—S---U®0,**” covalent
interactions.>®> Thus, one can surmise that chalcogels with
alkali metal ions will provide an unprecedented synergy of ion
exchange and “—S+U%0,**” covalent interactions for the
capture of [O=U=0]*" ions.”> In addition, radioactive
134/137Cs* and *Sr?*, which are the fission products of uranium,
can be separated by the ion-exchange mechanism.

Here, we report the synthesis of the potassium—tin—
molybdenum—sulfide (KTMS) gel whose gelation requires
cooperative redox reactions of the gel-forming constituents of
Mo, Sn, and S. The KTMS gel is a tunable semiconductor that
demonstrates its constituent nanoparticles’ quantum confine-
ment optical properties. With a combination of X-ray
photoelectron spectroscopy (XPS), synchrotron X-ray pair
distribution functions (PDF), X-ray absorption near edge
structure (XANES), and extended X-ray absorption fine
structure (EXAFS), we show that KITMS is X-ray amorphous,
and its local structure is very complex which consists of
MoY,(S,)s and Mo';S(S,)s species and various Sn—S$
polyhedra. We also report that KTMS is an effective sorbent
for radioactive Sr**, Cs*, and UO,*" species. KTMS’s random
porosities, S—S bonding network, surface polarizability, and
ionically bonded cations make it a unique sorbent for diverse
radioactive Sr**, Cs*, and UO,*" ions. Importantly, despite
being amorphous, KTMS is a pioneering example, showing
ion-exchange properties with chemically distinct metal cations.

B EXPERIMENTAL METHODS

Chalcogel Synthesis. KTMS was synthesized by mixing solutions
of Sn(C,H;0,), (0.3 mmol, 0.071 g), K,S (0.6 mmol, 0.066 g), and
(NH,),MoS, (0.3 mmol, 0.078 g) at room temperature. More
precisely, Sn(C,H;0,), and (NH,),MoS, were dissolved separately in
0.5 mL of formamide, and K,S was dissolved in 1.0 mL of formamide.
Subsequently, the tin acetate solution was added slowly to the
potassium sulfide solution and mixed together by gentle shaking. To
this mixture, the solution of (NH,),MoS, was added slowly with
concurrent gentle shaking, and then the solutions were left
undisturbed. The monolith wet-gels of KTMS formed in 1 day.

The solidified gels were then washed with ethanol and water in a ratio
of 4:1 and then only with ethanol for 4 days to remove any unreacted
byproducts. Following this procedure, the gel was left uncovered to
dry for 24 h, yielding xerogels. For the fabrication of aerogels, the
washed wet-gels were soaked in anhydrous ethanol for supercritical
drying. To obtain the aerogel, a monolithic wet-gel of KTMS was
dried by using CO, at a supercritical temperature range of 36—39 °C
and pressure of ~1400 psi using an Autosamdri—815B (Tousimis)
instrument.

Adsorption Experiments. The sorption experiments for Cs®,
Sr**, and UO,** were conducted using the batch method with
deionized water (DIW). For the capture experiments, KTMS (0.020
g) was soaked in the solution and was mixed in the vials for up to 24 h
with an end-to-end rotator. Subsequently, the mixed solution was
centrifuged for about 1 h. The supernatant was collected using a
micropipette after 1 h of centrifugation. The kinetics experiments
were conducted using 1000 ppb of Cs*, Sr**, and UO,*" in a time
scale from S min to 24 h, while the capacity tests were conducted
from 1 to 1000 ppm for Cs* and UO,>* ions and 1 to 500 ppm for
Sr?*, in DIW. All the measurements were replicated at least twice, and
the average values were taken for the calculations.

Inductively Coupled Plasma-Mass Spectroscopy. The
samples from kinetic experiments for UO,>*, Cs*, and Sr** were
measured by inductively coupled plasma-mass spectroscopy using a
Bruker Varian MS-820 mass spectrometer.

X-ray Photoelectron Spectroscopy. Atomic compositions and
valence band structures (VBS) of KTMS and strontium-adsorbed
KTMS were investigated using a Physical Electronics Inc. Versaprobe
III X-ray photoelectron spectrometer (XPS). Monochromatic Al-Ka
X-rays were focused on the sample with a 100 ym diameter spot size
at a power of 25 W. A low voltage (100 V) Ar ion beam and BaO
electron neutralizer (1.3 V, 20 uA) were used in tandem to
compensate for surface charging and all spectra were additionally
shifted to match the adventitious carbon 1s peak with 284.8 eV.
Elemental transitions were collected with an analyzer pass energy of
55 eV and a takeoff angle of 45°. Signals averaged over 2 scans, except
for the VBS which averaged over 4 scans each. The operating pressure
was <5 X 107° Pa. The system was calibrated to Ag and Au surfaces
freshly sputtered by an Ar ion gun. All spectra were analyzed and fit
using Multipeak version 9.6.0.1S, made by Physical Electronics Inc.
Shirley background spectra of the elemental transitions were
subtracted from the raw signal, except for the VBS which was
maintained with any background intact.

Synchrotron X-ray Pair Distribution Function. Synchrotron X-
ray pair distribution function data were collected from the Advanced
Photon Source (APS) of Argonne National Laboratory by the mail-in-
ballot program using the 11-ID-B beamline at a wavelength of 0.1432
A under ambient conditions. Prior to the experiment, the samples
were ground to about the size of S0 pm and packed in a Kapton
capillary. The rapid acquisition pair distribution function (RA-PDF)
technique®® was used to collect diffraction patterns at room
temperature on powdered samples of KTMS. The data was integrated
using the program Fit2D* and corrections (subtraction of back-
ground and container, Compton, and fluorescence scattering,
geometric and adsorption correction, etc.)* were performed using
the program PDFgetX3."' The normalized data were truncated at 24
A gefore the PDF calculation. PDFgui was used to model the
data.

Synchrotron X-ray Absorption Spectroscopy. The pristine
KTMS was analyzed by synchrotron X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS) for Mo and Sn K-edges. Mo K-edge XANES and EXAFS
data were collected using the Canadian Light Source (CLS) Very
Sensitive Elemental and Structural Probe Employing Radiation from a
Synchrotron (VESPERS, 07B2-1) beamline (Saskatoon, SK, Canada).
The VESPERS beamline is a hard X-ray microprobe beamline
equipped with double crystal Si (111) and double multilayer
monochromators. The double crystal Si (111) monochromator was
used to scan the photon energy for Mo K-edge XANES and EXAFS
measurements. The experiment was carried out using fluorescence
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Figure 1. Photograph of the inverted vial shows the monolith wet-gel of KTMS (A); SEM images of aerogels confirming the homogeneity and
porous nature of the gels (B—C); TEM image of the aerogels show the aggregation of the nanoparticles with meso to macroporosities (D);
HRTEM showing no evidence of lattice fringe formation (E), inset in (E) shows SAED image reveals diffuse rings suggesting an amorphous
structure; EDS elemental mapping and the spectrum showing the presence of K, Sn, Mo, and S (F—G); inset in (G) shows average chemical
compositions; BET surface area revealed high surface area of the aerogels (H); solid-state UV/Vis absorption spectra demonstrate the three distinct

optical band gap energies of the KTMS semiconductor (I).

mode, where the characteristic X-ray fluorescence Mo was collected
by a four-element Vortex silicon drift detector and the incident flux by
an N-filled ionization chamber. Sn K-edge XANES and EXAFS data
were collected using the CLS Biological X-ray Absorption Spectros-
copy (BioXAS, 07ID-2) beamline. The BioXAS beamline is optimized
for high sensitivity and high-resolution hard X-ray absorption
spectroscopy experiments. A double crystal Si (220) monochromator
was used to scan the photon energy in the vicinity of the Sn K
absorption edge at 29,200 eV. Rh-coated toroidal mirrors performed
the rejection of second and higher harmonics and moderate beam
focusing down to 0.6 X 2 mm? in the sample position with total flux in
the order of 1012 photons/s. The experiment was carried out in the
energy dispersive fluorescent mode, where the characteristic X-ray
fluorescence from Sn was collected by a Canberra 32-element Ge
detector and the incident by an N,-filled ionization chamber. The
CLS storage ring was operated in the Top-Up mode with an electron
current at ~200 mA during the measurements.

The EXAFS analysis was done using the entirely Python-based tool
Larch, version 0.9.6S5, and the FEFF calculations were done by the
FEFF 8L algorithm using the same software. For the EXAFS fitting for
the Mo K-edge of the KTMS, the fitting range in k space was 2.00 to
9.70 A™! with a k weighing of 2; for the fitting in r and real space, the
range was 1.00 to 4.50 A. Fourier transformation (FT) was done using
the Kaiser-Bessel window at a dk value of 3.00 within the k value of
2.00 to 9.70 A™'. The y* and reduced y* values for the fitting are
22.293 and 3.621, respectively. EXAFS fitting of KTMS for the Sn K-
edge was also performed using Larch. The fitting range in k space was
1.00 to 12.00 A™" at a k weight of 2. The Kaiser-Bessel window at a dk
value of 3.00 was used for the Fourier transformation. The fitting
range in both r and real space was 0.0 to 6.0 A. The y* and reduced »*
values obtained from the fitting were 2.7388 and 0.0883, respectively.
Background subtraction was carried out using the AUTOBK
algorithm with an r-bkg value of 1.10 for both Mo and Sn K-edges
EXAFS.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Black monolith wet-gel
of potassium—tin—molybdenum—sulfide (KTMS) has been
synthesized by mixing solutions of K,S, (NH,),MoS,, and
Sn(CH;COO0), in formamide at ambient conditions (Figure
1A and details in the SI). The spongy aerogel of KTMS was

obtained by supercritical drying of its wet-gel. This process is
necessary to deactivate the capillary forces of the nanopores
and to retain the inherited porous features of the wet-gel in the
aerogel without a significant volume loss (Figure 1). The gel-
forming particles are primarily on the nanometer (colloidal)
scale and are formed by the covalent interactions of metal-
sulfide anionic clusters and tin cations to develop a bonding
network of (—Mo—S*"—Sn—), — oo in space. The electro-
statically bound K* ions are plausibly distributed in the open

pores of the covalent networks of (—Mo—S* —Sn—), — oo.
The atomic scale formation of KTMS leads to the primary
particles which can subsequently be aggregated to form larger
secondary farticles following the chemistry of sol—gel
synthesis.”>* An encapsulation of the primary particles, for
instance, “K—Sn—Mo—S§” for KTMS, with a solvent such as
formamide, yields extremely small pores, while the encapsu-
lation of the larger secondary particles yields larger pores
ranging from meso (2—50 nm) to macropores (>50 nm).*
Scanning electron microscopy (SEM) images show the
homogeneity of the KTMS aerogel (Figure 1B, C). The gel
particles consist of interlinked nanoparticle aggregates to yield
a sponge-like material. The nanoparticles of the KTMS aerogel
exhibit irregular sizes and shapes. Transmission electron
microscopy (TEM/HRTEM) imaging shows that the aerogel
materials consist of irregular nanoparticle aggregates (Figure
ID). The gel-forming particles are connected in a random
fashion, leaving a percolated porous network. The pores are
distributed randomly and do not seem to form regular
channels throughout the aerogels (Figures 1B—D and S1).
The TEM and HAADF-STEM images also show that the pore
sizes vary from a few nanometers to several hundred
nanometers, suggesting the presence of meso- and macro-
porosity around the agglomerated nanoparticles (Figures 1 and
S1). However, the determination of the size of the particles in
the KTMS aerogel was not possible mainly because of the
agglomerated nature of the irregularly shaped and sized
nanoparticles (Figure S1). High-resolution transmission
electron microscopy (HRTEM) shows the absence of any
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Figure 2. X-ray powder diffraction pattern of the KTMS xerogels (A), Raman shift shows evidence of the ¥(Mo—S) and v(S—S) vibration bands;
the Sn—S vibration bands may be attributed to the hump in the 320—350 cm™' region (B), and the PDF of the KTMS shows the S—S, M—S (M =

Mo and Sn), Mo—Mo and K-S correlations (C).

lattice fringes, suggesting the lack of the periodicity of the gels’
matrix, which is relevant to amorphous structures (Figure 1E).
Selected area electron diffraction (SAED) shows weakly
intense diffused rings, suggesting the amorphous nature of
the materials (Figure 1E, inset). Energy-dispersive X-ray
spectroscopy (EDS) elemental mapping shows the presence
of K, Sn, Mo, and S in the KTMS aerogel (Figure 1F). EDS
analysis of the pristine KTMS aerogels also determined the
average elemental abundances of K, Sn, Mo, and S atoms of
15.4, 18.6, 6.0, and 60.0%, respectively (Figure 1G).

Besides TEM and SEM, the internal porosity of the KTMS
aerogel was further verified by N, adsorption—desorption
measurement at 77K (Figure 1H). This experiment revealed
that the Brunauer—Emmett—Teller (BET) surface area of
KTMS is 104.01 m?/g while the Langmuir and single point
surface areas were obtained as 829.5 and 321.2 m’/g,
respectively. The BET surface area of the KTMS aerogel is
comparable to that of Pt ,SnS,, ~ 108 to 117 m?/g*
thiostannate ammonium chalcogenide aerogel (TAC-4) ~
158 m?/g,** Na—Mn—Sn-S (NMSC-1 and 2) ~ 95, and 124
m?/g.! The presence of heavier atoms like Sn in these gels may
be attributed to the relatively lower surface area compared with
other chalcogels. This phenomenon was previously demon-
strated for Mo,FesSg—Sn,S¢ chalcogels.45 Apart from this,
condensation of the KTMS chalcogel particles during the
supercritical drying process cannot be ruled out. In addition,
BET revealed the adsorption and desorption average pore
volume as 0.758 and 0.859 cm®/g which yielded the pore
diameter of 29.16 and 33.02 nm, respectively following the
equation D, = 4Vy/Sgpr, where D, is pore diameter, Vy is
adsorption/desorption pore volume (0.758 and 0.859 cm’/g,
Sger ~ 104.01 mz/g).%’47 This indicated the presence of a
typical mesoporosity for aerogels. The hysteresis loop was
observed in the high-pressure regime. This may be due to the
effects of pore blocking or capillary condensation. Thermog-
ravimetric analysis shows the decomposition of KTMS after an
initial loss of moisture (Figure S2).

The optical band gap of the KTMS wet-gel revealed that it is
a medium band gap semiconductor with a band gap energy of
~2.1 eV (Figure 1I). The semiconducting property of the
KTMS wet-gels is attributed to a greater overlapping of the
atomic orbitals of the metals and sulfide ligands. After
supercritical drying, the band gap of the aerogels became
~1.4 eV, while it further decreased to ~0.9 eV for the xerogels.
A red shift of the band gap energy from the wet-gel — aerogel
— xerogel is related to increased sizes of the nanoparticles.
This is due to the condensation of KTMS’s colloidal-sized
particles of the wet-gel into larger particles for the aero- and
xerogel, respectively. These features demonstrate the character-
istic quantum-confined optical properties of the KTMS

nanoparticles, in agreement with that of chalcogenides-based
aerogels.”>"® TEM images show the interconnected nano-
particles of the aerogel and wet-gels; however, the particle size
and morphology of the xerogel (Figure S1B) are distinctive to
its wet- and aerogel counterparts, showing the condensation of
the aggregated nanoparticles into larger particles with sizes of
several hundred nanometers (Figure S3). The powder X-ray
diffraction pattern of pristine KTMS xerogel revealed two
relatively intense broad peaks at 260 ~ 20—30° and two weaker
and broad peaks at 20 ~ 50° and 60° (Figure 2A). Such broad
features of the X-ray diffraction patterns represent long-range
disordered or essentially amorphous structures of the KTMS
gels. Similarly, the XRD of the aerogel shows their amorphous
characteristics, however, the supercritical drying condition
(36—39 °C and 1400 psi) required to fabricate the aerogel may
be attributed to a slight structural ordering, as seen in the XRD
(Figure S4). The impact of such a structural ordering in band
gap energies cannot be completely ruled out.

The Raman spectrum of pristine KTMS xerogel shows two
intense peaks at 371 and 400 cm ™', and several weaker peaks at
444, 220, 185, and 145 cm™ (Figure 2B). The peak at about
444 cm™! originates from the S—S vibrational energy,49 and the
strong peaks at 371 and 400 cm™' may originate from the
symmetric and asymmetric vibration of Mo—S$ bonding.”” The
Sn—S vibrational bands may be hidden in the broad hump
ranging from ~300—350 cm™" in the Raman spectrum.’’

To understand the local structure of amorphous KTMS, we
conducted synchrotron X-ray pair distribution function (PDF)
analysis using Argon National Laboratory’s Advanced Photon
Source (APS) (Figure 2C). PDF shows the atomic correlation
up to ~10 A which suggests a hierarchy in the atomic
arrangement in its local structure. The lack of peaks beyond
~10 A indicated the absence of long-range translational
symmetry of KTMS as evidenced by XRD. Specifically, the
PDF of KTMS revealed an atomic correlation of the peak at
~2.01 A with the S—S bonding interaction of the (S,)*~
group,”* which is consistent with Raman spectroscopy. The
peak at ~2.49 A can be attributed to the average M—S (M =
Mo and Sn) bonding correlations, and the peak at 2.78 A
represents Mo—Mo distances."* Hence, Mo—Mo bonding
correlation implied the presence of bi- or trinuclear clusters of
Mo, similar to those in crystalline (NH,),Mo,(S,)s and
(NH,),Mo0,5(S,).”>~>* Notably, despite the use of MoS*~
anions as a precursor for KTMS gels, it does not show the
d(Mo—S) ~ 2.2 A bonding correlation as observed for MoS,*".
A similar finding was also reported for MoS,.'*** In addition,
an intense band at ~3.3 A may relate to the S-S correlation of
metal sulfide in the first coordination sphere'” while the strong
peak centered at 3.7 A can be attributed to the superimposed
correlations for K***S and M+**M (M = Mo and/or Sn) bonds.
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X-ray photoelectron spectroscopy was conducted to under-
stand the chemical states of the atoms on the surface of the
KTMS gels (Figure 3). The bands at ~294.58 and 297.40 eV
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Figure 3. X-ray photoelectron spectra showing the K 2p (A), Sn 3d
(B), Mo 3d (C), and S 2p (D) orbital excitation energies of the
KTMS chalcogels.

correspond to 2p;/, and 2p;,, of K, while the peak at 486.99
eV corresponds to the 3ds,, binding energy of Sn*".>> The
bands at 227.69—234.10 eV were attributed to excitation
energies of Mo 3d orbital.'"**** The deconvoluted peaks at
227.69 and 230.78 eV represent the orbital energies for Mo**
3ds/, and 3d;),, and the peaks at 231.09 and 234.10 eV are
attributed to Mo®* 3ds,, and 3ds.,, respectively.”*** In
addition, the peaks at 163.54, 164.85, 169.70, and 171.0 eV
are consistent with the S 2p orbital excitation energy.*>” More
precisely, the deconvoluted peaks at 161.86 and 162.95 eV may
have originated from the sulfur 2p;/, and 2p,,, of polysulfide
species, while the broad peak at ~170.0 eV is attributed to the
oxidation of the surface polysulfides of the KTMS leads to
sulfite or sulfate, as observed for other polysulfides.*’

To understand the chemical bonding and coordination
environment further, we conducted synchrotron Mo and Sn K-
edge X-ray absorption spectroscopy (XAS) investigations
(Figures 4 and SS, and Table 1). Mo K-edge X-ray absorption

near edge structure (XANES) shows a broad absorption at
20031.4 eV (Figure 4A), which may suggest the presence of
Mo ions with different oxidation states, as reported for
amorphous MoS,.”” The Sn K-edge XANES spectrum shows a
prominent sharp peak at 29,206.6 eV, indicating the presence
of Sn** (Figure 4D).>” Hence, the Mo and Sn K-edge XANES
spectra of KTMS indicated the presence of the multivalent
oxidation of Mo and the + IV oxidation state of Sn, consistent
with the XPS results. It is worth mentioning that the oxidation
of Sn** — Sn** and sulfide (S*~) — polysulfide (S,>~, n > 2) is
attributed to the reduction of Mo®" center of [Mo"'S,]*” to
Mo>*/#* as determined by the XPS and XANES analysis. Also,
since the reaction was carried out at ambient conditions, the
role of atmospheric oxygen and moisture for the oxidation of
Sn** and S*~ cannot be ruled out.

From the fitting of the Mo K-edge extended X-ray
absorption fine structure (EXAFS) spectrum, we have obtained
Mo—S and Mo—Mo paths using molecular (NH,),Mo,(S,)s
and (NH,),Mo0,5(S,)s (Figure 4B, C and Table 1) as
models.”>~>* The fitting of EXAFS revealed the presence of
Mo—S interactions along with Mo—Mo dinuclear (Mo,) and
trinuclear (Mos) clusters that agree with the PDF (Figure 2C).
This finding indicates that the local structure of KTMS
contains structural features similar to both [Mo,(S,)s]>” and
[M0,S(S,)s)>™.7>~>* Moreover, the fitting of the EXAFS data
also revealed the Mo—S—S— paths. This is indicative of the
intercluster connection through —S—S— covalent interactions.
This observation is analogous to other chalcogels, namely,
Mo;S(S,)s type clusters containing MoS,.'*** Importantly,
unlike previous reports,"#** KTMS shows the presence of both
dinuclear (Mo,) and trinuclear (Mos) clusters. The Sn K-edge
EXAFS spectrum of the KTMS gel showed the presence of
multiple Sn—S geometries (Figure 4E, F). The fitting of the Sn
K-edge EXAFS data with a Sn—S path at ~2.22 A using a
reference compound of Na,SnS,”" demonstrated the presence
of the tetrahedral Sn—S system while the Sn—S path at ~2.40
A from SnS,°" as reference shows the presence of an
octahedral Sn—S geometry. At higher r in the EXAFS, the r
space data fitting yielded Sn—Sn contributions similar to
Na,Sn;Sg that possesses tetrahedral and trigonal bipyramidal
Sn—S coordination polyhedra.”> All these structural features
suggest that KTMS possesses a very complex structure with
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Figure 4. Top panel: Mo K-edge XANES spectrum (A) of KTMS and its EXAFS spectra at R space (B), k space (C); bottom panel: Sn K-edge
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Table 1. EXAFS Fitting Parameters of Mo and Sn K Edges of the KTMS Aerogel”

path ref. rog (A) R (A)
Mo'V-§, Mo,S,32* 2.35 1.97 (+0.011)
Mo"-S, Mo,S 2> 2.46 2.30 (+0.008)
Mo'—Mo" Mo,S,,> % 2.83 2.63 (+0.012)
MoV—Mo'V Mo,S,32* 2.72 2.45 (+0.008)
Mo"-S, Mo,S,,27>>% 477 4.97 (£0.021)
Mo'V-s, Mo,S,;>~** 422 4.22 (fix)
SnV-§ Sns, 2.43 2.2168(+0.0078)
snV—-s $nS,* 2.60 2.4048(+0.0079)
SnV—gn'V SnySgt? 4.01 4.0165(+0.0247)
Sn"V—8n'v Sn,Sg** 3.65 3.5296(+0.0632)
Sn'V—sn' SnySg+°? 3.71 3.2106(+0.0438)

z

PO N N S S N NI

4

AE, (eV)
—8.09 (+0.78)

—2.09 (£0.79)

DWE, ¢* (A?)
0.032 (0.002)
0.008 (£0.002)
0.009 (+£0.002)
0.002 (+0.001)
0.007 (£0.003)
0.010 (fix)
0.0051(+0.0011)
0.0059(+0.0010)
0.0091(+0.0028)
0.0229(+0.0088)
0.0221(+0.0061)

R factor
0.0009

0.0326

“ryi (A) = bond distance from the reference crystal structure, R (A) = bond distance after feff fitting, N = coordination number, AE, = energy shift,

and DWF = Debye—Waller factor.
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Figure 5. Sorption kinetics and capacities of KTMS for UO,** (A,D), Cs* (B,E), and Sr** (C,F) from DIW, using 20 mg of sorbent in 10 mL of

DIW solutions.

various coordination polyhedra which may be due to the
trapping of the metastable phase in a local minimum of the
energy landscape. It is worth mentioning that although the
reference compounds used for the EXAFS data fitting may not
represent the exact atomic environment of the amorphous
KTMS, the fitting of the EXAFS data and the FEFF paths®®
provide a plausible local atomic arrangement that integrates
Mo,(S,)s and Mo;S(S,)s structural moieties for molybdenum
and a coordination feature related to Na,Sn;Sg and
SnS,. > 73*9%%! Degpite this finding, the actual coordination
environment of the amorphous KTMS may be more complex.
Understanding the structure of amorphous materials is
bottlenecked because of the available method to determine
their structures, especially for such a complex quaternary
system, which lacks a representative model of crystalline
compounds.

Removal of UO,*, Cs*, and Sr** with KTMS. We
investigated the KTMS aerogel for the sorption of UO,**, Cs®,
and Sr** from aqueous solutions (Figure 5). A kinetic study
shows that KTMS achieved ~96.0, 92.2, and 98.0% removal
for UO,™, Cs*, and Sr**, respectively, from 1000 ppb spiked
solutions after 3 h (Figure S and Tables S1—S3). For UO,*"
and Sr**, the removal percentage slowly increased to 98.9%
and 99.6% in 24 h, leaving residual concentrations of ~15 and
4 ppb, respectively. These results suggest that KITMS is an
efficient sorbent for the removal of uranium and strontium

from water. Our experiments also revealed the distribution

Co-Ce

(2
m

final concentrations; “V” is the volume of solution and “m” is
the mass of sorbent, are 4.6 X 10* 5.3 x 10% and 1.2 X 10°
mL/g for UO,*, Cs*, and Sr**, respectively. Notably, the
distribution constants for UO,*" and Sr** were >10* mL/g,
suggesting a higher affinity of KTMS to these radioactive
species.36’55’(’5

To assess the uptake capacity and adsorption isotherm, we
investigated the sorption of UO,*, Cs*, and Sr** for a broad
range of concentrations (Figure SD—F and Tables S4—S6).
These experiments revealed that the sorption capacity
increased with the increase in concentrations of UO,**, Cs*,
and Sr** until an equilibrium was reached (Tables S4—S6).
The experimental isotherm data were fitted using the Langmuir
isotherm model which predicts adsorbate moieties undergo
monolayer type coverage on the surface of the adsorbent. This
model predicts that once an adsorption site is occupied, no
further adsorption can occur at the same site. The Langmuir
isotherm model is shown in eq 1:

bC

€

™1+ bC,

constants, K; = , where C, and C, are the initial and

9=4
(1)
where C, (ppm) is the concentration at equilibrium, g (mg/g)
is the equilibrium sorption capacity of the adsorbed UO,*,
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Figure 6. Analysis of the post interacted KTMS by XRD (A), EDS (B), and XPS (C,D); while (C) is assigned as the Sr** 3d orbital energy, the
region of the K 2p energy shows the absence of K* ions suggesting the ion-exchange of the K* ions by Sr** in the KTMS chalcogel particles.

Table 2. Chalcogenide-Based Gels and Their Interactions with Metal Cations

chalcogel physical state interacting ions capacity, q., (mg/g) K, (mL/g) sorption process ref
KTMS amorphous Cs* ~182 ~ 5.3 x 10° ion-exchange this work
Sr** ~142 ~12x10°
U0, ~164 ~ 4.6 x 10*
NMSC* crystalline Cs* ~78 ~ 8.83 X 10 ion-exchange 1
Sr** ~41 ~ 436 x 10°
TAC-3" amorphous Cs* ~191.1 ~ 348 X 10° ion-exchange 44
(NH,)o,MoS, amorphous K* - ion-exchange 14
Cs*
KCo4S,, nanocrystalline K* - - ion-exchange 34
ZnS nanocrystalline Pb** Hg** ~2127 ~ 5.0 x 10* ion-exchange 13
~1769.9 ~1.95 x 10°
ZnSnS, (ZTS-cg3) amorphous Hg** ~1119.9 ~1.1 x 10° ion-exchange 17
Pb** ~1116.8 ~ 8.5 X 10°
cd* ~1057.8 ~4.8 x 10°
Cu®™* ~854.8 ~ 1.0 x 10°
Zn* Fe™* ~895.0 ~3.98 X 10°
~ 62.0 ~7.05 X 10°
CoBiMo$S amorphous uo,” - ~1.81 x 10° surface sorption 33
CoCrMoS amorphous uo,* - ~3.15 X 10* surface sorption 33
CoNiMoS amorphous UOo,** - ~8.08X 10* surface sorption 33
PtGeS amorphous Uo,* ~9.43 x 10* surface sorption 33
SnS amorphous uo,* - ~2.31 x 10* surface sorption 33

“Na—Mn—Sn-S chalcogel. “Tin ammonium chalcogel with methylammonium, TAC-3.

Cs", and Sr*, q,, (mg/g) is the theoretical maximum sorption
capacity, b (L'mg™') is the Langmuir constant. Hence, the
maximum adsorption capacities, (q,,), obtained from Langmuir
fitting were 256 (+40) mg/g (R* = 0.97) for UO,**, 193(+38)
mg/g (R* = 0.94) for Cs*, and 200(+19) mg/g (R* = 0.99) for
Sr**. These values of q,, are close to the experimental values
within the range of standard deviation (Tables S4—S6). Such
high correlation coefficients suggest a good fitting with the
Langmuir model. The Langmuir constant, b (L/mg), was
0.005(0) for UO,*, 0.003(3) for Cs*, and 0.016(4) for Sr**.
These values suggest that KTMS has a comparable affinity

toward the adsorbate ions. These suggest that KTMS is the
unique example of an individual chalcogel that shows the
sorption of chemically diverse cations of UO,**, Cs*, and Sr**.

The xerogels of KTMS were prepared by drying the wet-gels
at room temperature and pressure. This led to negligible pore
densities across the gel matrix compared with aerogels, as seen
from TEM (Figure S1). This resulted in significantly low
sorption efficiencies of UO,**, Cs* and Sr** compared with
aerogels. For example, the xerogel samples showed that the
removal of UO,*, Cs*, and Sr** from 100 ppm solutions is
~21.0, 10.3, and 21.1% while the aerogel showed 62.47, 86.98,
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and 80.95%, respectively. These results suggest the importance
of the porosities in the KTMS gels to facilitate the cation
exchange. This finding is aligned with the previous finding by
Brock and Coworkers and Riley et al,'**® where they
independently verified the importance of the porosities to
the cation exchange and noted that despite the presence of
some porosities in the xerogels they behave more like dense
solids matrix, limiting the diffusion of the exchangeable cations
and the ion exchange become limited only to the surface of the
particles.

Understanding the Sorption Properties of the K—-Sn—
Mo-S Chalcogel. We investigated the KTMS after the
interactions with UO,**, Cs*, and Sr** ions by XRD, SEM,
EDS, and FTIR (Figures 6 and S6, S7). The XRD of each
sample shows broad featureless humps analogous to those of
the pristine amorphous KTMS solids. SEM images displayed
no significant changes in the morphology among KTMS gels
after interacting with UO,*", Cs*, and Sr** ions. The EDS data
of the KTMS treated with S mM Cs*, Sr**, and UO,*
solutions show a complete removal of K" ion demonstrating
a complete exchange of the K* by Cs*, Sr**, and UO,** (Figure
S6). The sorption of Cs* and Sr*" can be attributed to the
exchange of K* ions by Cs* and Sr**. The XPS spectrum of the
Sr** interacted KTMS shows the presence of Sr along with the
Sn, Mo, and S but the absence of K' (Figure 6), also
confirming the ion-exchange mechanism for Sr*".

The ion-exchange properties for amorphous chalcogel have
been shown for (NH,),0,MoS, where traces of electrostati-
cally bound NH,* (0.02 mol/formula unit) were exchanged by
K* and Cs* ions.'* Besides, K* ions of the nanocrystalline
aerogels KCo4S,, was exchanged by Cs"."® Hence, our results
suggest that despite being amorphous, KITMS possesses ion-
exchange properties for both the mono- and divalent alkali
metal cations, here Cs* and Sr**. Also, nanocrystalline NMSC
shows the ion exchange properties for Sr**,' however, KTMS
pioneers the removal of Sr** ions as an amorphous chalcogel. A
detailed list of chalcogels, their chemical states, and sorption
mechanisms for UO,**, Cs*, and Sr** are given in Table 2.

The infrared spectra of the pristine and the S mM of UO,*,
Cs*, and Sr** solution-treated KTMS show a strong peak at
~918 cm™! only for the UO,* interacted KTMS sample
(Figure S7). The peak at 918 cm™" can be attributed to UO,**
vibrational energy as analogous to the previously reported
UO,™ sorbed crystalline layered K,,Sn,_Se .7 Besides
EDS, this may further suggest a complete removal of K* jons
by UO,*, where its linear geometry as [O=U*=0]** may
facilitate the ion exchange. This kind of ion-exchange property
of [0=U*=0]*" is well-known for crystalline open frame-
works and layered metal sulfides,’® but to the best of our
knowledge KTMS is the first example of an amorphous
chalcogel to show ion exchange with UO,*". In addition, Riley
et al,” reported the removal of UO,>* by CoMMoS (M = Cr,
Ni, Bi), PtGeS, and SnS chalcogels, where the author
demonstrated that a covalent interaction of the surface sulfides
of the chalcogels and U of the UO,* ions, as in “—S--
U*0,?*” attribute to the sorption of uranium from solutions.
Consequently, one may surmise that KTMS attributes both ion
exchange and surface sorption to sequester UO,*" from water.
Thus, the structure of the KTMS may be deteriorated by the
interactions with UO,*". In addition, during the batch
experiment processes, surface sulfides may get oxidized due
to the prolonged exposures of the chalcogels’ nanoparticles in
Cs", Sr**, and UO,*"containing solutions. This interaction may

degrade the structure of KTMS. Overall, our results revealed
KTMS as an efficient sorbent of chemically distinct UO,**,
Cs*, and Sr**. This, along with their facile room temperature
and scalable synthesis, makes this material promising for the
separation of radionuclides from spent nuclear fuels, defense
legacy nuclear waste, and the extraction of uranium from water.

B SUMMARY AND OUTLOOK

We have demonstrated the stabilization of a statically bound
cation, K7, in the covalent network of Sn—Mo—S using a facile
solution-processable synthesis at room temperature. Synchro-
tron X-ray PDF and XAS indicate a very complex local
structure of KTMS that is plausibly related to crystalline
molecular Mo,(S,)s and Mo;S(S,)s ions for molybdenum
sites, while the Sn sites exhibit the Sn—S coordination similar
to SnS, and Na,Sn,Sg.°*>*°*°" We also show that KTMS
efficiently removes UO,**, Sr**, and Cs" from the ppm to ppb
levels. The sequestration of Sr** and Cs* mainly occurs
through ion-exchange of K" ions, while UO,>" removal can be
attributed to both the ion exchange of K* by [0=U*=0]**
and covalent interactions between the surface sulfides of
chalcogel particles and UO,*", as in $"-UO,*" (n ~ —1, =2).
These findings reveal KTMS as a pioneering example of a
single chalcogel platform for the sequestration of chemically
diverse radioactive species such as UO,*, Cs', and Sr*'.
Overall, the presence of electrostatically bound K" ions in the
covalent work of Sn—Mo—S and the strong Lewis acid—base
interactions of the (poly)sulfide backbone of KTMS with
UO,*, Cs*, and Sr** make KTMS an exceptional adsorbent for
distinctive radioactive ions. This finding opens a new paradigm
to design and develop new chalcogels with superior and
multimodal sorption properties for chemically diverse radio-
nuclides.
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