
1 

 

Oxidative Immobilization of Gaseous Mercury by [Mo3S(S2)6]2- Functionalized 

Layered Double Hydroxide  

 

Subrata Chandra Roy,a Abu Asaduzzaman,b Brooklynn May,a Airin M. Beals,a Xinqi Chen,c 

Xianchun Zhu,d Saiful M. Islam*a 

aDepartment of Chemistry, Physics, and Atmospheric Sciences, Jackson State University, 

Jackson, MS, 39217, USA  
bSchool of Science, Engineering and Technology, Pennsylvania State University - Harrisburg, 

Middletown, PA 17057,USA 
cNUANCE Center, Northwestern University, Evanston, IL-60208, USA 

dDepartment of Civil Engineering, Jackson State University, Jackson, MS, 39217, USA 

 

Abstract:  

Every year, thousands of tons of gaseous mercury are released globally, prompting the 

World Health Organization (WHO) in 2020 to designate mercury as one of the top 10 chemicals 

posing severe health risks. Therefore, the removal of Hg0 from the environment is imperative. Our 

study introduces [Mo3S(S2)6]
2- ≡ [Mo3S13]

2- functionalized layered double hydroxides 

nanoparticles, (LDH─Mo3S13), as an excellent sorbent for gaseous Hg0. This material achieved a 

remarkable sorption capacity of ~2.33×103 mg/g for gaseous elemental Hg0. Such an enormously 

high sorption capacity makes this material the lead non-platinum-based Hg0 gas sorbent known to 

date. Though sulfides of the Mo3S(S2)6 species of the LDH predominantly serve as active sites for 

capturing gaseous Hg, their integration is essential for the accessibility of gaseous Hg0 to the 

individual reactive active site between the LDH lamella. A heterogeneous reaction between the 

gaseous Hg0 vapor and the solid LDH─Mo3S13 sorbent enables the oxidation of gaseous Hg0 to 

Hg2+ and the reduction of the S2
2- groups to 2S2- yield redox-driven formation of the 

nanocrystalline HgS onto the solid sorbents. Density Functional Theory (DFT) calculations 

provide further insights into the interactions between Hg0 and S indicating adsorption energy 

ranging from -8 kJ/mol to -19 kJ/mol. Moreover, the overall reaction enthalpy was calculated as -

4048 kJ/mol, suggesting the spontaneous formation of HgS. This investigation unveils an atomistic 

understanding of the redox-driven interactions between Hg0 vapor and Mo3S(S2)6 species, as well 
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as the remarkably high mercury sorption capacity of LDH─Mo3S13, highlighting the potential of 

metal sulfide functionalized LDHs for the efficient immobilization of gaseous elemental mercury. 

 

INTRODUCTION 

The anthropogenic mercury (Hg) emissions, estimated at around 2 Gg·yr−1 (Gg: Gigagram 

or 1000 tons), far exceed natural emissions by over tenfold.1–4 Exposure to methylmercury poses 

risks to approximately 75,000 newborns annually in the United States, leading to developmental 

delays or disabilities during pregnancy.5 Since the industrial era began (~1850) until 2010, North 

America has had the highest (30%) cumulative mercury discharges to the environment.6 The 

lifetime of atmospheric mercury against removals, such as deposition and recycling, is about six 

months, allowing transport on a hemispheric to global scale.1,3,7 The atmospheric mercury drops 

down to soil and surface waters,8 where bacterial activities contribute to the formation of 

neurotoxic methyl mercury, which subsequently accumulates in humans and animals via the food 

chain.9,10  The severe noxiousness of mercury enforces the US EPA to designate it as a highly toxic 

and hazardous air pollutant under the Clean Air Act Amendments (CAAA).11 

Mercury enters into the atmosphere through both natural and anthropogenic activities. The 

natural process includes volcanism, weathering of Hg-containing rocks, and geothermal activity12 

while anthropogenic activities include coal and fuel-based powerplants, mining, incinerators (e.g., 

medical, urban, and rural wastes), industry (e.g., metal manufacturing, caustic soda manufacturing, 

cement)4,13–15 and Hg-containing appliances (e.g., batteries, compact fluorescent lamps, liquid 

crystal display (LCD) screens, dental amalgam, barometer, and thermometer) release Hg0 to the 

environment, including air, soil, and water.16 Importantly, elemental mercury (Hg0), which is 

emitted from coal combustion and raw natural gas, is the major source of gaseous mercury in the 

atmosphere.17,18 Besides the widespread emission of Hg0 gas in the atmosphere, mercury is a 

problematic element in the defense of legacy nuclear wastes.19 Through the nuclear waste 

treatment process, Hg enters into the Waste Treatment Plants (WTP) as an off-gas condensate 

waste stream during the high-temperature vitrification process.20 The efficient removal of Hg0 

from the gaseous medium is bottlenecked by efficient methods and materials.21 Various sorbents, 

for example, activated carbon,22 modified red mud from the alumina industry,23 iodine-iodate,24 
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bio-char,25 mixed-transition metal oxides,26–28 spinal-based catalysts,29–31 Cu2+ enhanced Fenton 

process,32 are known to remove mercury elemental gaseous Hg0. Although activated carbon is the 

most commonly used sorbent for the removal of gaseous mercury,33 its poor affinity to Hg0 limits 

the removal capacity.28,34,35 In contrast, sulfur-impregnated activated carbon, various metal 

sulfides,36 sulfur-containing composite material,37,38 and sulfide-functionalized materials, such as 

Cu-doped silica,39 Co-doped iron nanoparticles,40 porous silica,41 and SiO2-TiO2 nanocomposite42 

deliver notable affinity to bind the mercury.  

Previous reports show that layered double hydroxides functionalized with polysulfides, 

LDH─Sx (x ~ 4 and 6), and NiAl─S4─LDH@SiO2 is an efficient sorbent for the removal of 

elemental mercury vapor, where Sx
2- chain is important to enhance its efficiencies.21,43 Later, Xu, 

et al. reported [MoS4]
2– functionalized LDH as an efficient sorbent gaseous elemental mercury, 

which further demonstrated the synergy of the sulfide functionalized LDHs toward the capture of 

gaseous Hg.38 In these materials, the positively charged lamellar of the LDH nanosheet provides 

the stability of the Sx
2- and MoS4

2- anions by the intercalation of the corresponding ions. Hence, a 

soft polarizable Lewis basic nature of the sulfide species offers a strong chemical intuition to bind 

mercury via Hg-S covalent interactions. This chemical interaction is mainly governed by Pearson’s 

hard-soft acid-base paradigm.44–46 Thus, one may surmise that a high density of sulfide per formula 

unit of LDHs introduces a high density of active sites for mercury. 

Here, we report that Mo3S13
2- ≡ [Mo3S(S2)6]

2- functionalized MgAl─LDH nanoparticles, 

which we refer to as LDH─Mo3S13, is an efficient sorbent for gaseous Hg0. The Mo3S13
2- ion 

possesses a high density of disulfides (S2
2-) that undergoes a reduction to mono-sulfide (S2

2-→ 2S2-

) with concurrent oxidation of gaseous elemental Hg (Hg0 → Hg2+) yielding HgS nanoparticles. 

By DFT calculation, we showed that the reaction enthalpy for the heterogeneous redox reaction 

between gaseous elemental Hg0 and sulfides of the solid LDH─Mo3S13 is -4048 kJ/mol and thus 

favors immobilizing gaseous Hg0 by the formation of thermodynamically stable HgS 

nanoparticles. Here, the hard-soft Lewis acid-base (HASB) interaction between the soft polarizable 

Lewis base (S2-) and Lewis acid (Hg2+) is the crucial impetus for the immobilization of gaseous 

elemental mercury. 
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EXPERIMENTAL 

Material synthesis 

MgAl─CO3 (LDH─CO3), and MgAl─NO3 (LDH─NO3) were synthesized by 

solvothermal and ion exchange methods, respectively according to our previous report47. The 

anionic precursor of [Mo3S13]
2- was obtained in the form of (NH4)2[Mo3S(S2)6]·H2O which was 

also produced by solvothermal technique as described in the literature.48 The functionalized 

sorbent material, MgAl─Mo3S13 (LDH─Mo3S13) was synthesized as described in the past.49 

Typically, 0.20 g of LDH─NO3 was sonicated for 1 hour in 7.5 mL of dimethylformamide (DMF) 

to exfoliate the positively charged 2D layers of LDH. Afterward, 0.02 g of [Mo3S13]
2- dispersed in 

7.5 mL DMF was added to the exfoliated LDH solution and stirred for 24 h. The resulting brown 

solid of LDH─Mo3S13 was centrifuged, washed with DIW, and acetone, and dried at room 

temperature and pressure. Powder X-ray diffraction, (XRD); Fourier Transform Infrared 

Spectroscopy, (FTIR); and Energy Dispersive Spectroscopy, (EDS) analysis confirm the 

functionalization of LDH─NO3 with the [Mo3S13]
2- anion. 

Mercury vapor capture experiments  

The Mercury vapor capture experiment was conducted by the cone method in a closed vial 

with functionalized adsorbent material, LDH─Mo3S13,
35 LDH-NO3, and (NH4)2Mo3S13 as 

described in SI.  

Computational Methodology 

Calculations were performed using electronic structure density functional theory (DFT) 

using plane wave basis sets as implemented in the software VASP (Vienna ab initio simulation 

package) version 5.4.1.50,51 The exchange-correlation contribution to the total energy is modeled 

using the generalized-gradient approximation (GGA) functional. The orbital interactions are 

analyzed by the projector-augmented-wave method (PAW)52, specifically utilizing Perdew-Burke-

Ernzerhof (PBE)53, pseudopotentials provided by VASP. Using pseudopotentials ensures a scalar 

relativistic approach is included in the calculations. The energy cutoff was set to 500 eV to 

maximize the completeness of the plane-wave basis sets. The Monkhorst-Pack k-point grid was 

set to gamma point only.54 The convergence criterion for local energy minima is that all atomic 

forces be smaller than 0.02 eV/Å. All calculations were performed using the supercell approach 

using a simulation box of 30 × 30 × 30 Å.  
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RESULTS AND DISCUSSION 

Synthesis and Characterization 

MgAl─Mo3S13 layered double hydroxides (LDH─Mo3S13) were synthesized at room 

temperature by the intercalation of Mo3S(S2)6 ≡ [Mo3S13] anion into the positively charged layers 

of the host LDH─NO3 following by anion exchange method (Figure 1A), as described 

previously.49 Energy dispersive spectroscopy (EDS) shows a uniform distribution of Mg, Al, Mo, 

and S throughout the pristine material, LDH─Mo3S13 (Figure 1B-G). Atomic abundances were 

determined using semiquantitative surface analysis by EDS, which revealed 17.74, 11.00, 61.71, 

and 9.55 in percentage for Mg, Al, S, and Mo, respectively.  

 

 

Figure 1. SEM image (A), EDS spectra, and elemental composition (B) of the pristine 

LDH─Mo3S13, image (C) showing the materials used for elemental mapping (D-G) which 

demonstrated a homogeneous distribution of the elements, Mg, Al, Mo, and S. 

Interactions of Gaseous Mercury with LDH─Mo3S13 

Experiments for capturing mercury vapor were conducted in closed vials using 

LDH─Mo3S13, LDH─NO3, and (NH4)2Mo3S13 as sorbents (Table 1). This experiment was 

conducted using the experiment as shown in Figure 2. To determine the sorption efficiency of Hg0 

vapor, we introduced about 45 mg of LDH─Mo3S13 in a cone-shaped filter paper which was then 

placed in a vial that contained liquid elemental Hg. Afterward, the liquid Hg containing the closed 

vial was heated at 145 °C to transform it to a gaseous state. The gaseous Hg0 penetrates the filter 
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paper to react with sorbent materials. Similar experiments were conducted for LDH─NO3 and 

(NH4)2Mo3S13 that we used as controls. Among them, LDH─Mo3S13 showed a color change from 

radish-brown to a black hue after being exposed to gaseous Hg, suggesting a chemical interaction 

involved between Hg0 and LDH─Mo3S13 (Figure 3A inset, and Table 1). The capture of gaseous 

elemental Hg0 was further understood by an increase in the amount of mass of the sorbents, where 

only LDH─Mo3S13 showed a substantial mass increase, as shown in Table 1.  

 

Figure 2. Schematic diagram of cone technique for mercury vapor capture experiment. 

 

Table 1. Details of gaseous Hg0 sorption experiment by different sorbent materials (reaction temp. 

145 °C). 

Sorbent  Time 

(h) 

Amount of 

sorbent (mg) 

Weight 

gain (mg) 

Sorption 

capacity (mg/g) 

Color change 

LDH─Mo3S13  3 45.40 56.70 1248.9 Radish-brown → blackish 

LDH─Mo3S13 24 45.50 72.00 1582.4 Radish-brown → blackish 

LDH─Mo3S13 48 45.50 106.20 2334.1 Radish-brown → black hue 

LDH─NO3  48 45.71 5.73 125.4 White → white 

(NH4)2Mo3S13  48 45.60 5.08 111.4 Orange → orange 
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The sorption of gaseous Hg0 by LDH─Mo3S13 is mainly attributed to the interactions of 

the sulfides of [Mo3S13]
2-. The [Mo3S13]

 anion consists of three Mo4+ ions, six disulfides (S2
2-), and 

one apical sulfide (S2-). Each Mo4+ ion is attached to an apical (S2-)ap anion and further coupled to 

each other via bridging disulfide (S2
2-)b groups.48,55 Additionally, each Mo4+ ion is bonded to a 

terminal disulfide (S2
2-)t group. According to SEM/EDS (Figure 1B, and Table S1), the atomic 

abundance of Mg: Al is 0.62: 0.38. and the molar ratios of Mo/Mg and Mo/Al are 0.54 and 0.87, 

respectively. Considering the amount of trivalent Al3+ ions, the maximum 0.19 moles of [Mo3S13]
2- 

can be inserted into the LDH. Therefore, the molecular formula of LDH-Mo3S13 would be 

Mg0.62Al0.38(OH)2(Mo3S13)0.11(NO3)x (CO3)0.08-x/2·H2O (where x = 0.0 to 0.16). On the other hand, 

according to ICP-MS (Table S1), the molar ratio of Mg: Al is 0.63: 0.37 which is very close to the 

SEM/EDS results, and the Mo/Mg and Mo/Al molar ratios are 0.67 and 1.14, respectively. 

Therefore, the molecular formula of LDH-Mo3S13 would be Mg0.63Al0.37(OH)2(Mo3S13)0.14(NO3)x 

(CO3)0.045-x/2·H2O; where x = 0 - 0.090 and MW is ~178.5 g/mol. Hence, the ICP-MS analysis of 

LDH─Mo3S13 revealed a nearly complete exchange of NO3- by the [Mo3S13]
2- or in other words, 

the presence of a very low content of carbonate, (CO3)
2-

 and/or nitrate (NO3)
-. The strong affinity 

of divalent CO3
2- and the large steric hindrance of [Mo3S13]

2- might prevent its complete exchange 

with NO3
−.56,57 Hence, the amount of apical, bridging, and terminal sulfur (S2

2-)b,t in each gram of 

LDH─Mo3S13 is {(13×0.14/178.5)moles =} 1.02×10-2 moles. Therefore, the theoretical mercury 

sorption capacity of one gram of LDH─Mo3S13 is (1.02×10-2 mol× 200.5 g/mol) = 2.04×103 mg. 

However, the experimental sorption capacity value obtained in this study is 2.33×103 mg/g, a little 

higher than the theoretical value. The slightly higher (14%) sorption capacity of LDH─Mo3S13 

might be attributed to the physisorption capacity of mercury vapor as well as the sorption ability 

of the host material; LDH-NO3 likewise demonstrates the mercury vapor capture capacity (Table 

1). 

The experimental sorption capacity of LDH─Mo3S13 for gaseous mercury is about 18.6 

and 21 times greater than LDH─NO3 and (NH4)2Mo3S13, respectively. Specifically, the Hg0 

sorption capacity for LDH─NO3 and (NH4)2Mo3S13 was obtained as 125.4 and 111.4 mg/g, 

respectively (Table 1). The control experiments reveal that, to a certain extent, the active sites, 

Mo3S(S2)6 in the (NH4)2Mo3S13 interact with the gaseous Hg. However, this interaction is 

constrained by its bulk structure which is attributed to a low surface-to-volume ratio. In contrast, 

the sorption capacity of LDH─NO3 is very low due to the absence of active sites. This control 
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experiment suggests that the hydroxyl group has an insignificant affinity to bind gaseous Hg0 

which is in agreement with previous reports.21,38 Hence, physisorption can play a role in adsorbing 

a small quantity of gaseous Hg0, as we see for LDH─NO3. Our experiments suggest that 

nanoparticles of two-dimensional LDH functionalized with a (di)sulfide-rich thio-molybdate anion 

of Mo3S(S2)6 significantly boost the sorption efficiency of gaseous Hg. Here the channels among 

the host LDH layers allow the gaseous Hg0 to penetrate the layers where it comes into contact with 

individual guest Mo3S(S2)6 ions to initiate the heterogenous reactions with sulfide ions. 

Table 2 shows a comparable Hg0 sorption capacity of LDH─Mo3S13 with the other high-

performing sorbents. Among these, LDH─Mo3S13 stands out among the top sorbents for gaseous 

mercury. Although the aerogel of K─Pt─Sx has a higher sorption capacity,35 the presence of Pt 

and the fabrication of aerogels by supercritical drying make this material extremely expensive. 

These ultimately bottlenecked its widespread use on industrial scales. The polysulfide intercalated 

LDH, LDH─Sx (x = 2,4,5) also showed good Hg0 sorption capacity, which is about 43% less than 

the LDH-Mo3S13; however, a high propensity of the oxidation of the polysulfide group and the 

synthetic complexities of the precursor polysulfides species limits its practical use. Sulfide species 

present in LDH─Mo3S13 and LDH-Sx are the active sites for mercury vapor capture. Compared to 

LDH-Sx, LDH-Mo3S13 resulted in superior sorption capacity for gaseous Hg0 capture, which is 

attributed to the increased number of active sites (4 times higher). Besides, LDH-Sx and other 

highly performing materials, specifically chalcogels, contain polysulfide species that are prone to 

easy oxidation, resulting in a loss of Hg0 sorption capacity. In contrast, the Mo3S13 cluster itself 

remains stable due to the unique bonding nature of the bridging and terminal disulfide (S2
2-) with 

Mo4+ cations in the trinuclear molybdenum cluster. Hence, the synergistic role of Mo-S covalent 

interactions and the intercalation of Mo3S13 in the host LDH layers implies superior stability of the 

hybrid LDH─Mo3S13. This, coupled with its scalable synthesis and remarkably higher sorption 

capacity, positions this material as a promising sorbent for atmospheric mercury. 

Sulfide-based materials, such as MoS4-bridged CoFe layer double hydroxides,38 

Cu─S─Fe,40 CuS,58 and have already been reported for the removal of Hg0 from flue gas. From 

this perspective, one may surmise that LDH-Mo3S13 could be efficient for the removal of mercury 

from flue gas. Besides, this material should find application in natural gas purification and the 

removal of gaseous mercury from off-gas nuclear waste condensate streams. A synergy of the 

extraordinary capacity of LDH-Mo3S13 and the design of innovative reactors could deliver an 
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unprecedented opportunity for the capture of Hg. However, further exploration of these 

applications is beyond the scope of the current effort. 

Table 2. Comparison of sorption capacity of LDH─Mo3S13 with the other reported materials.  

Sorbent Sorption capacity (mg/g) Ref. 

MgAl─Mo3S13─LDH 2.33 ×103 This work 

Sx─LDH (x = 2,4,5) (0.59-1) ×103 21 

CoFe─MoS4─LDH 16.39 38 

NiAl─S4─LDH@SiO2 7.7 43 

Aerogel, MoSx 2.0×103 59 

Metal-chalcogenide aerogel, K─Pt─Sx  (0.43-5.45) ×103 35 

Chalcogel, Zn─[SnS4]  29.4 35,60 

DMF inserted MoS2 27.40-46.91 61 

Colloidal CuS 736.5 58 

CuS / Polyurethane foam 265.60 62 

CuS-Doped Ti3C2 MXene Nanosheets  20.47 63 

S functionalized Cu doped porous silica, Cu─S─Si 19.8  39 

S functionalized Cu doped Fe-NP, Cu─S─Fe 0.17-2.73 40 

S-impregnated activated carbon, PILOT5_S400 1.44  46 

Chitosan nanofilled GO 381 64 

 

Mechanistic Investigations of the Gaseous Hg0 Sorption 

Thermal analysis of the pristine and post Hg-sorbed LDH─Mo3S13 showed initial weight 

loss of 13 and 15.5% at 245 °C, respectively (Figure S1). This may be attributed to the evaporation 

of intercalated and surface water. At about 450 oC, the post-treated LDH─Mo3S13 loses about 

40.7% of the total weight, while the pristine LDH─Mo3S13 loses ~21.3% at 500 °C. The weight 

loss for the post Hg-sorbed samples is approximately twice that of the pristine LDH─Mo3S13. The 

excessive weight loss for the post-interacting LDH─Mo3S13 with gaseous Hg0 may be related to 

the sublimation of HgS. The quantitative chemical analysis of the TGA treated of Hg0 sorbed 

LDH─Mo3S13 by EDS supports this assessment (Figure S2).   
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X-ray powder diffraction of the post interacted LDH─Mo3S13 (Figure 3A) reveals highly 

intense peaks at 2θ ~26.23 (111), 30.43 (200), 43.67 (220), and 51.80 (311), which confirms the 

presence of HgS.65 Hence, the formation of HgS infers the oxidative separation of gaseous Hg0 

during the interactions with LDH─Mo3S13. In particular, the oxidative conversion of gaseous 

elemental mercury into mercuric ion, Hg0 → Hg2+ + 2e- is compensated by the simultaneous 

reduction of disulfide to sulfide, (S2
2-)b,t + 2e-→ 2S2-. Such a redox reaction is plausibly attributed 

to the formation of solid HgS particles (Eq. 1). It is worth mentioning that the LDH structure 

remains stable after the sorption reaction. The stability of the LDH structure can be attributed to 

the formation of LDH─SO4 and/or LDH─MoO4 by the oxidation of some sulfides, probably the 

apical sulfide (S2-) and Mo4+ ions into [SVIO4]
2- and [MoVIO4]

2-, respectively (Eq. 2). 

 

𝑛𝐻𝑔0 + [𝑀𝑜3
𝐼𝑉𝑆(𝑆2)6]

2−  → 𝑛𝐻𝑔𝑆 + (13 − 𝑛)𝑆𝑧− + 3𝑀𝑜𝐼𝑉       (𝑧 = 1𝑎𝑛𝑑/𝑜𝑟2) Eq. 1 

(13 − 𝑛)𝑆𝑧− + 3𝑀𝑜𝐼𝑉 + 8𝑂2
𝐿𝐷𝐻−𝐿𝑎𝑦𝑒𝑟(𝑎𝑖𝑟 𝑜𝑥𝑖𝑑.)
→                𝐿𝐷𝐻─𝑆𝑂4 +  3𝐿𝐷𝐻─(𝑀𝑜𝑂4)   Eq. 2 

 

In contrast to LDH─Mo3S13, XRD of the post-interacted (NH4)2Mo3S13 showed HgS peaks 

(Figure S3). This suggests that Hg∙∙∙S interaction is the dominant mechanism to immobilize 

gaseous Hg0, however, the lower density of the active sites at the surface of the bulk (NH4)2Mo3S13 

crystals limits the Hg0 sorption capacity. The post-interacted LDH─NO3 shows no HgS peaks but 

very weak peaks of an unknown phase at 2θ ~ 29.79 and 31.91°. 

 

Figure 3. Powder X-ray diffraction of the pristine and post-treated LDH─Mo3S13 (A) inset the 

color changes after interactions with gaseous Hg0; asterisks show the X-ray diffraction peaks of 
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HgS; Raman spectra (B) of (NH4)2Mo3S13, pristine and Hg0 sorbed LDH─Mo3S13 implying the 

abolish of (S-S)b bond and formation of Hg-S bond in the post-treated sample. 

Raman spectrum of the pristine LDH─Mo3S13 showed all the vibrational peaks that belong 

to [Mo3S(S2)6]
2- group (Figure 3B) as reported in the literature.66–69 The bridging (S-S)b, terminal 

(S-S)t, apical (Mo-S)ap, and (Mo-Mo) vibrational modes were observed at 557, 527, 470, and 237 

cm-1, respectively. Moreover, the (Mo-S)b modes are observed in the range of 293-396 cm-1. 

Raman spectrum of Hg0 gas treated LDH─Mo3S13 showed the characteristics (S-S)b, (S-S)t, and 

(Mo-S)ap vibrational modes, but their intensities decrease almost close to the background spectrum 

and thus could be negligible. This experiment suggests that the reductive conversion of S2
2- into 

S2- led to the formation of HgS, which is discussed in Equation 1. Moreover, the presence of the 

vibrational bands at the range of 255 to 292 cm-1 of the post-interacted LDH─Mo3S13 confirms the 

formation of HgS.70  

EDS spectrum (Figure 4A) of the post-sorbed solids demonstrates the presence of Hg0 

along with Mg, Al, Mo, and S, while the SEM image (Figure 4B) shows the retention of the 

platelike morphology of the crystallites. TEM images of untreated materials (Figure 4C) revealed 

an ultrathin nano-sheet of single-phase LDH─Mo3S13, whereas the gaseous Hg0 treated sample 

clearly shows the presence of a second phase (Figure 4D). This second phase is HgS was formed 

by the interactions of gaseous Hg0 with LDH-Mo3S13. 
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Figure 4. EDS spectrum and elemental compositions (A) show a significant amount of Hg in post-

interacted LDH─Mo3S13; SEM image (B) of post-interacted LDH─Mo3S13 reveals the retention 

of the morphology; TEM images of pristine (C) show a clean surface of the platelike crystallites, 

while the post sorbed LDH─Mo3S13 (D) showing the formation of second phase due to sorption 

of gaseous Hg0. 

 

To understand the detailed chemical states of the ions of sorbents, we analyzed the pre- 

and post-interacted LDH─Mo3S13 by X-ray photoelectron spectroscopy (Figure 5, Figure S4, and 

Table S2). XPS analysis of the post-interacted material reveals a doublet obtained at 100.05 and 

104.10 eV ( = 4.05 eV) corresponding to the 4f7/2 and 4f5/2 orbital energy of the Hg2+ ion, 

respectively71,72 (Figure 5B). This observation aligns with the results of XRD, Raman, and EDS 

analyses. Moreover, a comparable feature of the XPS shows that both the pristine and the post-

interacted sorbent contains S2- (at 161.29 and 162.44 eV); and  S2
2- (at 162.93 and 164.09 eV for 

2p3/2 and 2p1/2 accordingly) (Figure 5C, D, and Table S2).72,73 The intensity of the S2
2- peaks in the 

sample after interaction with mercury vapor becomes substantially weaker as compared to the 

pristine materials, while the intensity of the S2- increases notably. This finding suggests the 

conversion of S2
2- to S2-, the required sulfide species for HgS formation. Apart from this, both the 

pristine and post interacted LDH─Mo3S13 exhibit peaks corresponding to S6+ at about 168.20 and 
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169.35 eV for 2p3/2 and 2p1/2, accordingly (Figure 5C, D, and Table S2).72,73 However, the intensity 

of the S6+ peak in the post-interacting LDH─Mo3S13 is substantially higher than that of the pristine 

materials. For the pristine LDH─Mo3S13, the weaker S6+ peak originated from the surface 

oxidation of di/polysulfide species, but the highly intense S6+ peak for the post interacted sorbent 

is attributed to air oxidation of the sulfides during the interactions with gaseous mercury in air. 

Hence, exposure of the sulfides in LDH─Mo3S13 in the air under the experimental conditions leads 

to its oxidation and a subsequent formation of sulfate [SVIO4]
2-.  

Moreover, XPS of the pristine LDH─Mo3S13 reveals the tetravalent oxidation state of Mo, 

which is relevant to the Mo4+ oxidation state of the Mo3S13
2- ions in pristine LDH─[MoIV

3S(S2)6]. 

A doublet of peaks was observed at 228.99 and 232.15 eV ( = 3.16 eV) (Figure 5E) which 

correspond to the 3d5/2 and 3d3/2 of Mo4+.66,67,72,74 Instead, in the post-treated materials, Mo exists 

in two oxidation states, Mo4+ and Mo6+ (Figure 5F). The pair of doublets at 229.15 and 231.18 eV; 

232.25 and 235.18 eV correspond to the 3d5/2 and 3d3/2 of Mo4+ and Mo6+, respectively (Figure 

5F).72,74 The formation of Mo6+ in the post-treated sample can be understood by the oxidation of 

Mo4+→ Mo6+ during the gaseous mercury sorption processes in the air.75 

  

 

Figure 5. XPS survey peaks of pre- and post-Hg0-sorbed LDH─Mo3S13 (A) showing the Hg 4f 

peaks only in the post-interacted sample, (B) Comparison of XPS spectra of pre-(C and E) and 

post-(D and F) Hg0 sorbed LDH─Mo3S13 showing partial reduction of S2
2- → 2S2- and oxidation 

of Mo4+ → Mo6+ during Hg0 immobilization.  
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The generation of Mo6+ may likely result in the formation of MoVIO3 and MoVIO4
2-. As 

XRD does not detect any MoO3 (Figure 3A), the creation of MoVIO4
2- is plausible. Additionally, 

the oxidation of sulfides of the Mo3S13 group might produce gases like SVIO3 or SVIO4
2- ions. If 

SO3 is formed, it is expected to be released from the reactor. In contrast, if SO4
2- is generated, it 

should remain in the post-interacted samples. Consequently, we believe that the oxidation of Mo 

and S leads to the creation of SVIO4
2- and MoVIO4

2-, and their formation is crucial for the stability 

of the LDH structure.  

   

Quantum-Chemical Calculations 

To further lend credence to the Hg0 removal mechanism, we have performed quantum-

chemical calculations to investigate the interaction of gaseous Hg0 with Mo3S13
2-. For the DFT 

calculations, we considered the interactions of the [Mo3S13]
2- ions with gaseous elemental Hg0, 

since our present experimental finding and previous reports suggest that sulfur-containing species 

is the active site for mercury immobilization.21,38 First, we have optimized the Mo3S13
2- unit using 

the crystallographic data of the (NH4)2Mo3S13
48 following the procedure described in the 

computational methodology section. The optimized bond lengths along with the molecular 

structure of Mo3S13
2- are depicted in Figure 6A. The calculated bond distances nicely agree with 

the corresponding crystallographic data,48 which lays the foundation for using the chosen 

computational methodology. 

 

Figure 6. (A)  Ball and stick representation of Mo3S13
2- unit. The optimized Mo-S and S-S distances 

(Å) along with the corresponding experimental values (in the parenthesis) are shown along the 

bonds. (B) and (C) represent the strongest (ΔEads = -19 kJ/mol) and weakest (ΔEads = -8 kJ/mol) 

interactions predicted for the reaction of Mo3S13
2- and Hg, respectively. The blue, yellow, and pink 

spheres represent Mo, S, and Hg atoms, respectively. 
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According to DFT calculation, the gaseous elemental Hg0 atom primarily interacts with the 

S atom. The adsorption energy of the Hg0 atom on the Mo3S13
2- unit is calculated as ΔEads = E(Hg-

Mo3S13
2-) – E(Mo3S13

2-) – E(Hg), where E is the total energy of the respective species. Depending 

on the spatial position of S at Mo3S13
2-, the adsorption energy varies from -8 kJ/mol to -19 kJ/mol. 

The terminal (S2
2-)t, whose Mo─S distance is 2.490 Å has the strongest interaction with Hg0 

(Figure 6B). On the other hand, the weakest interaction is with the apical (S2-)ap, whose Mo─S 

distance is 2.393 Å (Figure 6C). This finding is reasonable as weaker interaction of S with Mo 

(longer Mo─S distance) enables stronger interaction with Hg0 and vice-versa. Finally, we have 

investigated the reaction energy for eq (1) and (2). Combining eq. (1) and (2) results as:   

 

𝑥𝐻𝑔(𝑔) + 𝐿𝐷𝐻 − (𝑀𝑜3𝑆13)𝑦(𝑠) + 𝑧𝑂2(𝑔) → 

𝑥𝐻𝑔𝑆(𝑠) + 𝐿𝐷𝐻 − (𝑀𝑜𝑂4)3𝑦(𝑠)  +  𝐿𝐷𝐻 − (𝑆𝑂4)13𝑦−𝑥(𝑠)         Eq. 3 

 

Like Mo3S13
2-, we have used SO4

2- and MoO4
2- to model LDH─SO4 and LDH─MoO4, 

respectively. The calculated reaction energy of Eq. (3) is -4048 kJ/mol. Such a high negative 

reaction energy suggests a very low activation energy for this reaction which may lead to a 

spontaneous reaction between the gaseous Hg0 and LDH─Mo3S13 under the experimental 

conditions. The calculated energy further strengthens our experimental observation. The presence 

of oxygen (Eq. 3) plays an important role in the formation of HgS. While the exact mechanism is 

not known and may be more complex, the role of oxygen is further investigated by replacing a 

terminal sulfur, St of Mo3S13
2- species by O as: 

𝐻𝑔(𝑔) + 𝐿𝐷𝐻 −𝑀𝑜3𝑆13 +
1

2
𝑂2(𝑔) = 𝐻𝑔𝑆(𝑠) + 𝐿𝐷𝐻 −𝑀𝑜3𝑆12𝑂                         Eq. 4 

The reaction energy of Eq. 4 is calculated as -124 kJ/mol, which supports the replacement 

of S by an O atom. The stronger bond energy of Mo─O (560 kJ/mol) compared to Mo─S (433 

kJ/mol)76 allows for the replacement of S by O atoms and eventually leads to the formation of 

HgS. To further confirm the role of oxygen in the formation of HgS, we have carried out a Hg0 

sorption experiment in the absence of O2 gas (O2 and H2O < 0.01 ppm) and in an ultrahigh pure 

N2 atmosphere. The sorption capacity in such an inert gas environment is 226.84 mg/g, which is 

about 10-fold lower than the capacity obtained from the experiment carried out at atmospheric 

conditions.  
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SUMMARY AND OUTLOOK 

Overall, our investigation demonstrates that LDH─[Mo3S13] is an exceedingly efficient 

sorbent for mercury vapor with a sorption capacity of 2.33×103 mg/g and thus becomes the leading 

non-platinum mercury gas sorbent known to date. Numerous experiments, including XRD, EDS, 

and XPS, suggest that the immobilization of gaseous Hg0
 occurs through the formation of HgS 

solid following the redox reactions involving elemental mercury and sulfide species. The 

experimental finding was further discarnate by DFT calculation revealing adsorption energy varies 

from -8 kJ/mol to -19 kJ/mol for the interactions between Hg0 and the sulfides. In contrast, the 

overall reaction energy for LDH─[MoIV
3S

2-(S2)
2-

6] and gaseous Hg0 is found to be -4048 kJ/mol, 

suggesting a spontaneous reaction yielded the formation of HgS particles. Besides the 

thermodynamic stability of HgS, this finding suggests that mercury sulfide formation occurs 

through irreversible reactions, making LDH-Mo3S13 non-regenerative. Despite this fact, given its 

solution processability, scalability, cost-effectiveness, and ultra-high Hg0 sorption capacity, LDH-

Mo3S13 has been revealed as a promising sorbent for gaseous Hg. This discovery implies that 

metal-sulfide intercalated layered double hydroxides are a promising class of sorbent for gaseous 

elemental mercury where the sulfide ions are the active sites to immobilize gaseous Hg. Thus, this 

investigation paves the way to design and develop new di/polysulfide-rich metal sulfide 

intercalated LDH and explore their efficiencies to develop a sorbent for gaseous elemental Hg0 

with superior capacity that can be utilized for natural gas purification as well as to remove gaseous 

Hg0 from flue gas and off-gas condensate nuclear waste. Future work on this class of materials 

should include the evaluation of their efficiencies under various experimental conditions besides 

designing innovative reactors set up under simulated conditions.  
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