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Abstract: Chalcogel represents a unique class of meso- to 
macroporous nanomaterials that offers applications in energy and 
environmental pursuits. Here, we report the synthesis of an ion-
exchangeable amorphous chalcogel using a nominal composition of 
K2CoMo2S10 (KCMS) at room temperature. Synchrotron X-ray PDF, 
XANES, and EXAFS revealed a plausible local structure of KCMS gel 
consisting of Mo5+

2 and Mo4+
3 clusters in the vicinity of di/polysulfides 

which are covalently linked by Co2+ ions. The ionically bound K+ ions 
remain in the percolating pores of the Co-Mo-S covalent network. 
XANES of Co K-edge shows multiple electronic transitions, including 
quadruple (1s→3d), shakedown (1s→4p + MLCT), and dipole allowed 
1s→4p transitions. Remarkably, despite a lack of regular channels as 
in some crystalline solids, the amorphous KCMS gel shows ion-
exchange properties with UO2

2+ ions. Additionally, it also presents 
surface sorption via [S∙∙∙∙UO2

2+] covalent interactions. Overall, this 
study underscores the synthesis of quaternary chalcogels 
incorporating alkali metals and their potential to advance separation 
science for cations and oxo-cationic species by integrating a synergy 
of surface sorption and ion-exchange.

Introduction

Chalcogel is an emerging class of chalcogenide-based aerogel 

that consists of highly disordered nanoaggregated particles of 

chalcogenide clusters.[1–3] This class of materials possesses high 

internal surface area, ultra-low density, and meso- to 

microporosities besides their various intriguing chemical 

properties, including surface polarizability and semiconductivity.[1] 

An integration of such diverse physicochemical properties makes 

chalcogels appealing for a large variety of applications, including 

photocatalyst,[4,5] solar fuels,[4,6] electrocatalysis,[7] adsorption, 

environmental remediation,[8–13] and electrochemical energy 

storage and conversion.[14] 

In general, chalcogels consist of monomeric units of (metal-) 

chalcogenides which are interlinked either by chalcogen-

chalcogen or by metal-chalcogenide covalent bonding 

interactions.[6,15,16] This kind of building features lead to the 
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condensation of the monomeric chalcogenide clusters into 

covalently bonded networks extending into three dimensions in 

space. Since the discovery of chalcogenides-based aerogels in 

the early 2000s,[1,3] this class of materials has been investigated 

because of their appealing chemistry of chalcogen-chalcogen 

bonds that results in the formation of chalcogenide-based 

backbone with Lewis basic and polarizable characters.[4,7,12,17,18] 

Chalcogels can be synthesized by a variety of solution 

processable synthetic routes, such as thiolysis, nanoparticle 

condensations, metathesis synthesis, oxidative coupling, 

polymeric condensations, and hydrolysis.[9,19,20] Among these, the 

metathesis synthesis route, developed by Kanatzidis and 

Coworkers,[21] involves the coordinative reactions of chalcogenide 

anions with metal cations to form a covalent network of the 

chalcogel. This synthetic route has yielded a large variety of 

covalently bonded chalcogels with diverse anionic building blocks 

of chalcogens, such as [MQ4]4−, [M2Q6]4−, and [M4Q10]4− (M = Ge, 

Sn; Q = S, Se),[1,11] [MQ4]2− (M=Mo, Q=S, Se), [Mo3S13]2−, [MQ3]3− 

(M = Sb, As; Q = S, Se),[1,2,11,18,22] and polysulfide ligands, Sn
2− (n 

= 3, 4, and 5)[17,23]. Transition and/or p-block metal cations serve 

as linkers for these chalcogenide building blocks, resulting in 

covalent networks of metal-(poly)sulfide chalcogels that extend 

across all dimensions of space.[24] 

In contrast to the vast chemistry of amorphous chalcogels with 

only covalent bonding features, their chemistry with 

electrostatically bound cations is scarce.[10,17,25] Hence, 

incorporating alkali metals into the covalent networks of metal 

chalcogenides can introduce electrostatic bonding characteristics 

into the covalent network of transition metal sulfide chalcogels. 

These alkali metal ions could potentially be exchanged with 

various chemically soft metal cations or oxo-cationic species, 

including uranyl ions [O=U6+=O]2+. Besides, the introduction of 

alkali metals into the covalent matrix of the chalcogels can expand 

the chemistry of amorphous chalcogels to robust chemical 

compositions and versatile local structures, which in turn can 

unveil new properties.

Notably, the ion-exchange features of crystalline solids with 

open frameworks or layered structures are common, which is 

mainly due to the presence of electrostatically bound cations in 

the periodic covalent framework of the crystalline 

compound.[19,26,27] In contrast to crystalline materials, this feature 

is still fancy in amorphous solids, which may be due to the lack of 

periodic atomic arrangement. Moreover, the chalcogel 

nanoparticles consist of a high density of polysulfides and show 

potential for the binding of chemically soft Lewis acidic metal 

cations or cationic centers of oxoanions through surface sorption, 

following the Hard-Soft Lewis Acid-Base (HSAB) principle.[11,28,29] 

Thus, it is of utmost interest to explore the chemistry of chalcogels 

with alkali metal cations for novel chemical compositions, 

understand their local structures, elucidate their interactions with 

radioactive oxocations of UO2
2+, and unveil the synergy of surface 

sorption and ion-exchange. These findings will not only enrich our 

understanding of the chemistry of chalcogels but also will play a 

vital role in determining the design principles to develop superior 

sorbents for chemically diverse metal cations.

Herein, we report the synthesis, local structures, electronic 

properties, and interactions of UO2
2+ for amorphous KCMS 

chalcogel. By synchrotron X-ray pair distribution function (PDF), 

X-ray absorption near edge structure (XANES), and extended X-

ray absorption fine structure (EXAFS), we present the intricate 

local structures of KCMS, which plausibly consist of diverse 

coordination polyhedra of Co2+ and Mo4+,5+ in the vicinity of 

(poly)sulfides. Within this arrangement, the K+ ions are integrated 

into the covalent network of Co-Mo-S. We also show that 

amorphous KCMS gel exhibits both surface sorption and ion-

exchange characters for [O=U=O]2+ cation. This finding offers a 

promising paradigm to develop quaternary chalcogels with alkali 

metals, potentially contributing to the field of separation science 

for removing inorganic cationic species from water. 

Results and Discussion

Spongy monolith wet-gel of the novel K-Co-Mo-Sx (KCMS) was 

synthesized by metathesis route in solution with a nominal 

composition of K2CoMo2S10 (Figure 1A). The gelation occurs by 

covalent interactions of Co, Mo, and S that result in the formation 

of a three-dimensional (3D) extended porous network, and K+ ions 

remain in the pores of the covalent networks of Co-Mo-S through 

electrostatic interactions. The wet-gel of KCMS was fabricated to 

aerogels by the exchange of gels’ pore-filled liquid ethanol with 

CO2 using supercritical drying, while the xerogel was obtained by 

drying at ambient conditions. The 3D cross-linked colloidal matrix 

of the aerogels was resilient against breaking into pieces during 

regular handling in the laboratory. High-resolution transmission 

electron microscopy (HRTEM) and scanning transmission 

electron microscopy (STEM) investigations reveal the porous 

characteristics of aggregated colloidal nanoparticles in the KCMS 

aerogel, exhibiting irregular sizes and shapes (Figure 1B). The 

interconnected nanoparticles of the KCMS gels are assembled in  

space with a high density of randomly arranged meso- (2-50 nm) 

and macro- (≥ 50 nm) porosities (Figure 1B). We see additional 

evidence of porous features by surface area measurements. We 

prepared multiple batches of aerogels that resulted in a maximum 
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BET surface area of about 90 m2/g, with an average surface area 

of 67.0±16.4 m2/g, and average pore diameters of 34.3±5 nm for 

adsorption and 40.3±7 nm for desorption (Figure S1). Besides, 

HRTEM shows no evidence of the presence of any crystalline 

phase, indicating the amorphous nature of the KCMS gel (Figure 

1C). Selected area electron diffraction (SAED) displays diffused 

rings, further confirming its amorphicity (Figure 1C inset). 
Scanning electron microscopy (SEM) image of the aerogels 

shows the morphological homogeneity and fluffy nature of the 

KCMS chalcogel (Figure 1D). SEM/EDS analysis of the K-Co-Mo-

S chalcogel, synthesized from various batches were collected in 

micrometer length scales, indicated an average atomic 

abundance of K, Co, Mo, and S as 8.0±2.3, 7.4±1.7, 9.4±1.6, and 

74.2±4.6%, respectively. In contrast, TEM/EDS data were 

collected in nanometer length scales of the KCMS gels, and the 

analysis of the data revealed an average abundance of 6.3±2.1, 

4.0±0.5, 10.4±0.7, and 79.4±2.7% for K, Co, Mo, and S, 

respectively (Figure S2). Thus, the compositional ratios of the 

elements in the different chalcogels obtained by SEM/EDS and 

TEM/EDS remain in close proximity within the limits of the 

standard deviation. Besides, the high-angle annular dark-field 

(HAADF)-STEM images further show the homogeneity of the gels, 

on a micron scale, with a uniform distribution of K, Co, Mo, and S 

atoms (Figure 1F-J). Furthermore, it is noteworthy that after 

synthesizing KCMS gels, we made efforts to synthesize 

analogous gels Na-Co-Mo-Sx (NaCMS, Figure S3). The EDS 

analysis of these gels revealed negligible content of Na+ in the 

covalent network of Co-Mo-S chalcogels. This could be because 

of the greater ionic characteristics of Na+ compared with K+ ions, 

although the exact reason remains unclear.

The Raman spectrum of the black KCMS gel shows a series of 

peaks at 263, 409, 445, and 487 cm-1 (Figure 2A). The strong 

peak at 487 cm-1 and the shoulder at ~ 445 cm-1 can be attributed 

to the symmetric and antisymmetric vibration of the ─S─S─ 

bonds demonstrating the presence of polysulfide species, (Sn
2-) 

in the structure of the KCMS.[30]

Figure 1. Photograph of the inverted vial showing the strength of the monolith 

KCMS wet-gels against fragmentation (A), TEM image of the aerogels 

demonstrates the aggregation of the nanoparticles along with diverse range of 

porosities (B), HRTEM image and the SAED image, in the inset of (C) showing 

no evidence of the crystallites formation, SEM image (D), and EDS spectrum 

(E) showing bulk scale morphology and chemical compositions, STEM-HAADF 

elemental mapping showing the distribution for K, S, Co, and Mo in the porous 

KCMS (F-J) aerogel. 

Besides, the peaks at about 409 and 263 cm-1 may be 

representative of Mo/Co-S and K-S vibrational energy, 

respectively. X-ray powder diffraction (XRD) of the KCMS is 

featureless, except for a weak hump in the range of 2θ ~ 20 to 30 
o suggesting the absence of long-range ordering of the atomic 

arrangement (Figure 2B). Synchrotron X-ray pair distribution 

function (PDF) analysis shows an atomic correlation up to ~6 Å 

(Figure 2C), which represents the absence of a long-range 

translational symmetry of the KCMS gels, as we observed by XRD. 

The PDF analysis of the KCMS chalcogel revealed a prominent 

peak at 2.42 Å, indicative of the presence of Mo-S bonding 

correlation, aligning with the Mo-S interatomic distance observed 

in the Mo3S13 anions of the crystalline (NH4)2Mo3S13.[31,32]  The 

PDF of the KCMS revealed an atomistic correlation with a peak 

centered at ~ 2.0 Å, which is consistent with the S─S bonding 

correlation of the Sn
2- (n ≥ 2) group. Moreover, PDF shows a peak 

at 2.78 Å, which corresponds to the Mo─Mo correlation.[2,33] The 

evidence of S─S and Mo─Mo bonding correlation is indicative of 

the presence of a bi- or trinuclear cluster of molybdenum (Mo2 and 

Mo3), as related to the crystalline molecules of (NH4)2Mo2(S2)6 or 

(NH4)2Mo3S(S2)6. [31,32,34] Moreover, an intense band at about 3.3 

Å may related to the S····S correlation for the first coordination 

polyhedra of the Mo/Co─S.[35] Besides, the peak at 3.7 Å can be 

attributed to the superimposed correlations of K····S and M····M 

(M = Mo and Co), respectively.
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Figure 2. (A) Raman spectrum of the KCMS showing the presence of Sn
2- group; 

(B) XRD demonstrates a highly disordered amorphous feature; (C) PDF shows 

the local ordering of the atoms, including Mo─Mo and S─S interactions, in the 

KCMS gels.

To evaluate the electronic structure, we investigated KCMS gels 

by X-ray photoelectron spectroscopy (XPS) and X-ray absorption 

near-edge structure (XANES), (Figures 3 and S4). XPS reveals 

peaks at ~ 779.4 and 782.0 eV (Figure 3A), which reflect binding 

energy (BE) of the Co 2p orbitals and its related satellite peak, 

respectively. This value of BE may represent the Co2+ oxidation 

state in the vicinity of the sulfide ligand.[36] Mo 3d5/2 and 3d3/2 

orbital excitation energy appeared in the range of 228.74 to 231.8 

eV, respectively (Figure 3B), consistent with the Mo4+ oxidation 

state.[37–39] Besides, the extended tailing of the 231.8 (Mo4+ 3d3/2) 

eV peak close to ~ 234 eV and the relative higher intensity of Mo4+ 

3d3/2 peak as compared to its 3d5/2 can be attributed to the 

superimposition of Mo4+ 3d3/2 and Mo5+ 3d5/2. XPS revealed bands 

centered at ~ 292.1 and 294.8 eV, which are characteristics of the 

2p3/2 and 2p1/2 energies of K+ cations (Figure S 4A).[40] 

Furthermore, the peaks at 162.6 and 168.62 eV (Figure S 4B) are 

consistent with the S 2p orbital excitation energy.[41,42] Indeed, the 

deconvoluted peaks at 162.6 eV originated from the sulfur 2p of 

polysulfide species, while the broad peak centered at 168.6 eV is 

attributed to the oxidation of the surface sulfides of KCMS 

nanoparticles because of their prolonged exposure to air.[38,43] 

This feature is commonly observed for other chalcogels’ 

nanoparticles.[9]

Co K-edge XANES of the KCMS chalcogel (Figure 3C) features 

three significant regions or peaks demonstrating the electronic 

transitions in the photon absorbing atom “Co”. The weak pre-edge 

peak ~ 7710 eV resulting from the dipole forbidden quadrupole 

1s→3d bound state transition, a common characteristic of the K-

edge of first-row transition metals having open 3d orbitals, and 

this happens due to the mixing of ligand 4p and metal 3d 

orbitals.[29,44] Besides, the shoulder at ~ 7720 eV along the rising 

edge likely represents the shakedown transition that consists of a 

simultaneous 1s→4p and ligand (sulfur) 3p to Co 3d charge 

transfer transitions (LMCT).[45] The “shakedown-transition” occurs 

because the metal 3d orbital has lower energy than its ligand’s 3p 

orbital, which is due to the creation of a hole at the core shell that 

allows the nucleus to pull down the 3d orbital.[45] The 

simultaneous 1s→4p + LMCT comes at lower energy than the 

actual 1s→4p transition which is the third peak or the edge 

maxima of the XAS spectra that we observe at ~ 7736 eV.  For 

the Mo K-edge, the XANES doesn’t have any pre-edge peak but 

the rising edge of the XAS spectra has a small change in slope, 

which presumably is because of the mixed valance state of the 

Mo centers (4+ and 5+) present in the system (Figure 3 D). We 

also observed the mixed valency of Mo by XPS, as discussed 

above. The dipole-forbidden transitions for the K-edge of the 4d 

transition metals are not always very distinctive since these 

transitions happen at higher energy and the very short core-hole 

lifetime governs the line width.[29]

Figure 3. X-ray photoelectron spectra of Co (A), and Mo (B); the XANES spectra 

of (C) Co K-edge, and (D) Mo K-edge of the K-Co-Mo-S gel.

EXAFS analysis of the KCMS gel was carried out using a Pyhon-

based “Larch” software package for both the Mo and Co K-edge 

spectra (Figure 4).[46] The EXAFS equation (Eq. 1) is used to 

calculate the EXAFS oscillation ꭕ(k) and some other parameters 

that will contribute to the construction of the model.[47]

            𝜒(𝑘) = 𝑁𝑗𝐹𝑗(𝑘)exp [ ―
2𝑅𝑗
𝜆(𝑘)

]

𝑘𝑅𝑗
exp [𝑖2𝑘𝑅𝑗 +𝑖𝛿𝑗(𝑘)]                 Eq. 1

The parameters that are of principal interest to analyze the 

coordination environment are the number of scattering atoms Nj, 

and the absorber-scatterer distance Rj, subscript j represents 

each of the scattering paths, k is EXAFS wavenumber, λ(k) being 

the mean-free path, Fj(k) is the effective scattering amplitude, δ(k) 

is the phase shift. To fit the Co K-edge EXAFS data, three 

different phases and six different feff paths were used, and the 

fitting parameters are listed in Tables S1 and S2. The Co─S path 

~ 2.25 Å obtained from CoS with the coordination number 6 

suggests the presence of octahedral cobalt sulfide geometry in 
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KCMS gel.[48] In the r space data, there is a tiny bump before the 

main peak (around 2 Å), which was fitted using a Co─S path 

around 1.89 Å with a coordination number of 4 from the reference 

compound Co9S8.[49] This path represents the 4-fold geometry of 

Co─S polyhedra that should remain in the KCMS chalcogel. 

Besides, the damped peaks after the main peaks in the r space 

data reflect Co-Co scattering around 2.51 Å and Co-Mo bonding 

around 2.63 Å in the first coordination sphere. The reference 

compound for the Co─Mo path was CoMo2S4, and this path 

represents the gel network having Co ions as linkers of the Mo─S 

polyhedra.[50] Although the reference compounds that were used 

for the feff calculations do not reflect the exact local geometry of 

the KCMS, it suggests a probable local coordination geometry. 

The scattering path of Co-S around 4.64 Å indicates the 

intercluster scattering of the photoelectron. The overall R factor of 

the fitted model is 0.002, which is in the acceptable range with the 

ꭕ2 and reduced ꭕ2 values of 0.24 and 0.02, respectively.

Figure 4. EXAFS spectra (solid line) with the fitted model (dash) of the pristine 

KCMS chalcogel: Co K-edge in (A) k space, (B) r space, and (C) real space and 

of the Mo K-edge in (D) k space, (E) r space and (F) real space.

The Mo K-edge data was fitted using both the (NH4)2Mo2S12 and 

(NH4)2Mo3S13, where they contain a bi- and tri-nuclear cluster of 

Mo in the vicinity of sulfides for their corresponding Mo2
V(S2)6 and 

Mo3
IVS(S6)2.[31,32] The coordination numbers during the fitting in 

both Mo and Co K-edge EXAFS were kept fixed to reduce the 

number of parameters. Two different Mo─S scattering paths: one 

around 2.39 Å with the coordination number 6, and another 

around 2.08 Å with the coordination number 5, and hence the fit 

of the most intense peak in the r space data remains in statistical 

error limits. This finding suggests the presence of Mo─S 

coordination that resembles to Mo2
V(S2)6 and Mo3

IVS(S6)2, 

respectively. Besides, the second-most intense peak in the r 

space data of Mo K-edge was best fit with two different Mo─Mo 

paths, (i) one at ~ 2.5 Å with a coordination number 1.8 (close to 

2), which was calculated using (NH4)2Mo2S12 as a model 

compound; (ii) the other at ~ 2.7 Å having a coordination number 

3 which was calculated using (NH4)2Mo3S13 as a mode to fit the 

data. This shows the presence of both dinuclear and trinuclear 

molybdenum (Mo2, Mo3), as related to Mo2
V(S2)6 and Mo3

IVS(S6)2, 

in the KCMS gel. A similar local structure was observed for MoSx-

GO chalcocarbogels. These clusters may be interconnected by 

Co ions which can be realized from the presence of a Co─Mo 

scattering path in the Co K-edge EXAFS (Table S1). Deducing 

the local structures of the amorphous chalcogenide gels is an 

arduous task, especially for such a complex K-Co-Mo-S 

quaternary system. However, our modeling of the EXAFS with 

these reference compounds provides a plausible understanding 

of the local structures.

To understand the chemical interactions of KCMS with uranyl 

cations (UO2
2+), we interacted this material with UO2

2+ cations at 

various time scales. A kinetic study reveals promising results, 

showing that xerogels of KCMS can efficiently remove 

approximately 84% from 1000 ppb spiked solutions (Figure 5A 

and Table S3) within 6 hours. Additionally, the material exhibited 

interaction with 5 mmol solutions of uranium, leading to a uranium 

sorption capacity of 117.4 mg/g. Although this value of capacity is 

comparable to that of other materials, such as graphene aerogel 

(131 mg/g),[51] KTMS aerogels (167 mg/g),[25] MoS2 nanosheet 

(45.7 mg/g),[52] MoS2 nanoflowers (37.1 mg/g),[52] and SDS/MoS2 

(98.4 mg/g),[53] it is noteworthy that it possesses lower capacity 

compared to crystalline metal sulfide ion-exchangers, specifically 

K2MnSn2S6 (380 mg/g)[54] and K2xSn4-xS8-x (287 mg/g).[40] This 

may be attributed to the lower molar concentration of K+ in KCMS 

compared with crystalline K2MnSn2S6 (380 mg/g)[54] and K2xSn4-

xS8-x
[40] as well as the lack of periodicity in the amorphous structure. 

However, despite this difference, chalcogels offer advantages 

such as room-temperature and scalable synthesis, compositional 

diversity, porous nature, ion-exchange properties, and surface 

polarizable characteristics of their nanoparticles. Therefore, this 

finding highlights the importance of exploring new chalcogels with 

ion-exchange propeties and unveil the synergy of sorption and ion 

exchange phenomena.
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Analysis of the post-interacting KCMS gels with UO2
2+ by EDS 

revealed the presence of 8.6 atomic percentage of uranium, 

however, it displayed nearly the absence of K+ ions (Figure 5C). 

Hence, the presence of uranium and the absence of K+ (nearly) 

indicates the exchange of K+ by UO2
2+ ions. Here the diffusion of 

the UO2
2+ cations into the chalcogels may be facilitated by the 

formation of linear [O=U=O]2+ ions, similar to the phenomena 

described for K2MnSn2S6.[19,54] The linear geometry of the 

[O=U=O]2+ oxo-cation facilitates its penetration into the 

percolating network of K-Co-Mo-Sx gels. The IR spectrum of the 

UO2
2+ interaction shows (Figure 5D) the presence of a peak at 

~888 cm-1, which corresponds to [O=U=O]2+ vibration energy.[55] 

Notably, for the complete exchange of monovalent K+ ions by the 

divalent UO2
2+, according to EDS, it needs about four atomic 

percent of UO2
2+. Hence, a larger atomic abundance of the 

uranium (~8.6%) can be attributed to the surface sorption by the 

KCMS gel particles through a [O2
2+U···S─] covenant interactions 

following the Pearson’s Hard Soft Acid Base principle (HSAB).[28] 

This kind of surface sorption by KCMS chalcogels is reported 

previously by Kanatzidis and Co-workers.[56] Overall, our findings 

suggest KCMS attributes both ion-exchnage and surface sorption 

for the sorption of UO2
2+ ions.    

 
Figure 5. (A) Time-dependent removal percentage and the final concentration 

of uranium after sorption by KCMS; (B) SEM image of the spent KCMS; (C) EDS 

of UO2
2+ interacted KCMS xerogel showing the presence of uranium and 

(nearly) absence of K+ ion, suggesting exchange of K+ ion by the linear 

[O=U=O]2+, in inset showing the average atomic abundance for the post 

interacted KCMS; (D) a comparison of IR spectra showing the appearance of 

the peak near 888 cm-1 at the UO2
2+  treated KCMS which corresponds to 

UO2
2+.[55]

Conclusion

This work demonstrates the stabilization of electrostatically bound 

K+ ions in the covalent network of Co-Mo-S to produce K-Co-Mo-

S chalcogel. The aerogel of KCMS is amorphous, but it contains 

structural features relevant to Mo2 and Mo3 clusters in the vicinity 

of sulfides that plausibly be related to crystalline molecular 

Mo2
V(S2)6 and Mo3

IVS(S6)2 anions. In contrast, Co-sites attain six 

and four coordinated Co─S polyhedra which connect the Mo─S 

anionic clusters. Co K-edge XANES revealed three different 

transitions: low energy dipole forbidden quadrupole transition, 

1s→3d; shakedown transitions, 1s→3d + MLCT; and a dipole 

allowed transition,1s→4p. Additionally, KCMS gels exhibit 

surface sorption characteristic for UO2
2+ through a [O2

2+U···S─] 

covenant interactions beside the exchange of K+ with UO2
2+. 

Overall, this work presents opportunities to synthesize complex 

multinary chalcogels with versatile chemical compositions in the 

systems of alkali metal ─  transition/p-block metal cations ─ 

metal chalcogenide anionic clusters, unfold the local structures of 

the amorphous chalcogels, and elucidate their properties relevant 

to the sorption of metal cations and oxocationic species. 
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