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A B S T R A C T   

We report a series of MoS2/CoS2/Ni3S2/NF heterogeneous interfaces with multiple types of adsorption sites, 
which exhibit excellent iodine capture performance. The optimized MoS2/CoS2/Ni3S2/NF-13 obtained at Mo:Co 
molar ratio of 1:3 shows an extremely large maximum iodine capture of 1804 mg/g. For the including 
component of Ni3S2/NF, REDOX reaction between Ni0/S2- and I2 offers the main driving force of chemisorption 
toward iodine (forming NiI2 and S8), while for MoS2, the electrostatic adsorption makes the main contribution to 
the iodine capture, and for CoS2, interfacial interactions promote the uptake capability of iodine. We perform 
density functional theory (DFT) calculations to determine the iodine adsorption energies (Ead), which show that 
in Ni3S2 the Ni and S both serve as iodine sorption sites and Ni site binds more tightly to I2 than S site does, while 
for MoS2, the S site (rather than Mo) prefers to adsorb the I2. X-ray absorption fine structures (XAFS) indicate that 
after iodine capture, oxidation states of Mo and Ni are increased more than that of Co, verifying Ni3S2 and MoS2 
interact more than CoS2 on I2. Though CoS2 component does not directly adsorb I2, interfacial electron transfers 
of Co → Ni and Co → Mo significantly promote iodine sorption capability. Synergistic effect of the multiple 
components/sites in the MoS2/CoS2/Ni3S2/NF assembly offers the wonderful iodine capture. This work provides 
a novel perspective and theoretical reference for tailoring effective metal sulfides-based sorbents to trap iodine 
from radioactive wastes.   

1. Introduction 

The worsening contradiction between rapid productivity growth and 
energy shortage compels us to accelerate the development of new sus
tainable energy sources to alleviate the current pressure on global en
ergy supply and demand [1,2]. The nuclear energy is one of the best 
alternatives to traditional fossil energy due to its reliability and cost- 
effectiveness [3–5]. However, the management of radioactive waste 
from nuclear fission is a major challenge [6]. In particular, radioiodine 
isotopes (129I and 131I) pose serious threats to human health and 
ecological environment. Among them, 129I possesses the characteristics 
of long half-life (1.57 × 107 years), strong toxicity and high mobility, 

and easily leads to thyroid cancer after entering the human body [7,8]. 
Although the 131I has a relatively short half-life (about 8 days), its 
intense radiation severely interferes with human metabolic process 
[9–11]. Therefore, the development of effective methods for capturing 
the radioactive iodine is of great significance. 

Currently, the treatment of radioactive iodine mainly relies on wet 
washing and solid adsorption methods [12,13]. The solid adsorption is 
preferred because of its simple operation, low maintenance cost, and 
avoidance of using highly corrosive solutions [14–16]. Consequently, 
more and more researchers are committed to tailoring various sorbent 
materials, such as Ag-based materials [5,17–20], zeolites materials 
[6,21,22], carbon materials [23,24], sulfide materials [25,26], 
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metal–organic frameworks (MOFs) [27,28], and covalent organic 
frameworks (COFs) [29,30]. Based on Hard and Soft Acids and Bases 
(HSAB) theory, the sulfides as soft Lewis bases show strong affinity with 
the soft Lewis acid of I2 [31]. Subrahmanyam et al. [25] prepared 
NiMoS4 and CoMoS4 aerogels which captured iodine vapor via soft acid- 
soft base affinity, exhibiting the maximum iodine capture capacities 
(qm

I ) of 2250 and 2000 mg/g, respectively. Li et al. [32] reported that 
Bi2S3@SiO2 achieved immobilization of iodine vapor via REDOX reac
tion between S2- and I2, showing a qm

I of 1180 mg/g. Moreover, our 
group reported the [Sn2S6]4- and [Mo3S13]2- intercalated Mg/Al-type 
layered double hydroxides (MgAl-Sn2S6-LDH and MgAl-Mo3S13-LDH) 
which exhibited large qm

I values of 2954 and 1580 mg/g, respectively 
[33,34]. Importantly, the polysulfide clusters of [Sn2S6]4- and 
[Mo3S13]2- played major roles in the iodine capture. These studies 
demonstrated the unmatched potential of sulfide-based materials for 
iodine capture. 

I2 is a superior electron acceptor, and the charge transfer between 
iodine and sorbents may effectively improve the adsorption ability 
[2,29,35]. From density functional theory (DFT) calculations, Zhang 
et al. [36] demonstrated that I2 was adsorbed on the surface of MoS2 via 
electrostatic interaction, and charge transfer from Mo/S to I2 occurred 
when I2 molecules were vertically adsorbed to the surface of MoS2. In 
addition, as reported by Komarov et al. [37], iodine could be chemically 
adsorbed on the (110) plane of Ni forming NiI2. Moreover, our group 
reported n-NixSy/NF (NF is Ni foam) composites, among which the 1- 
Ni3S2/NF possessed the highest iodine adsorption capacity of 1445 mg/ 
g) [38]. During the iodine adsorption, the Ni0/S2- in NixSy and Ni0 in NF 
acted as reductants to reduce I2, while they were oxidized to Ni2+ (which 
combined with the resulting I− forming NiI2) and S8, respectively. Wu et. 
al [39] reported that Co-MOF with a ship-topology exhibited an 
adsorption capacity of 1080 mg/g for iodine vapor due to the conjugated 
π-electrons and REDOX potential of Co2+/Co3+. In addition, Lin et. al 
[40] demonstrated that tetrazole ring, coordination water and REDOX 
potential of Co2+/Co3+ in porous Co(II)-MOF all contributed to the 
iodine capture, giving a large qm

I of 2880 mg/g. Based on these studies, 
we propose a strategy for designing transition-metal sulfides assembly 
containing multiple sorption sites to achieve synergistic capture of 
iodine. 

Herein, a series of MoS2/CoS2/Ni3S2/NF-xy composites (x and y refer 
to molar ratio of Mo:Co in the starting materials) are constructed by a 
facile one-step hydrothermal method. The MoS2/CoS2/Ni3S2/NF-13 
(Mo:Co = 1:3) exhibits the best iodine capture performance, giving a qm

I 

of 1804 mg/g. The thin nanosheets coated on the nanorods of the MoS2/ 
CoS2/Ni3S2/NF-13 provide abundant adsorption sites for trapping 
iodine. More importantly, based on the HSAB interactions, the high af
finity of MoS2/CoS2/Ni3S2/NF with iodine leads to the capture of a large 
amount of I2, most of which undergo REDOX reaction with Ni3S2, and 
partial I2 molecules are electrostatically adsorbed on the interfaces of 

MoS2/Ni3S2 and MoS2/CoS2. In addition, interfacial electron transfers of 
Co → Ni and Co → Mo further promote the iodine uptake. The iodine 
capture mechanism of the including metal sulfides is explored by DFT 
calculations, providing important theoretical basis for tailoring metal 
sulfide-based adsorbents to trap radioactive iodine. 

2. Experimental section 

2.1. Synthesis of MoS2/CoS2/Ni3S2/NF-xy 

Based on previous work of MoS2/Co9S8/Ni3S2/NF [41], through 
regulating the dosage of Mo, Co and S, hydrazine hydrate and NF, a 
series of MoS2/CoS2/Ni3S2/NF-xy (where x and y are molar ratios of Mo: 
Co) were obtained via one-step hydrothermal reaction (see Scheme 1). 
For MoS2/CoS2/Ni3S2/NF-13, firstly, 6 pieces of commercial NF (3 × 2 
cm2) were washed with HCl solution with a concentration of 1 M, 
acetone, deionized water and ethanol successively to remove the oxide 
layer and impurities on the NF surface. Meanwhile, 1 mmol of 
Na2MoO4⋅2H2O, 3 mmol of CoSO4⋅7H2O and 1 g of CH4N2S were dis
solved in 40 mL of deionized water, followed by 8 mL of hydrazine 
hydrate under stirring. Then the above solution and the pretreated NF 
were transferred into a 100 mL Teflon-lined steel autoclave, heated to 
200 ◦C and kept for 24 h. After the reaction, the product was sequen
tially rinsed with deionized water and ethanol, and then dried overnight 
under vacuum at 45 ◦C, labeled as MoS2/CoS2/Ni3S2/NF-13. 

Similar to the above experiments, the dosage of Na2MoO4⋅2H2O was 
fixed at 1 mmol and that of Co was changed, with the Mo:Co molar ratios 
of 1:1 and 1:4, obtaining the MoS2/CoS2/Ni3S2/NF-11 and MoS2/CoS2/ 
Ni3S2/NF-14, respectively. 

The control samples of MoS2/Ni3S2/NF and CoS2/Ni3S2/NF were 
prepared in a similar procedure as MoS2/CoS2/Ni3S2/NF-xy except only 
adding Mo (1 mmol) or Co (1 mmol). Additionally, the Ni3S2/NF was 
prepared without Co/Mo addition and other conditions remained 
unchanged. 

2.2. Iodine adsorption experiments 

Since non-radioactive iodine has the same chemical properties as 129I 
and 131I, we used non-radioactive iodine to generate iodine vapor in all 
adsorption experiments. The device shown in Fig. S1 was used for iodine 
capture experiments. Specifically, 1 g of I2 solid was put into the bottom 
of a vial to provide iodine vapor after heating, and 5 mg of sorbent was 
placed in a conical filter paper above the iodine solid, with no direct 
contact between the sorbent and iodine solid. The sealed vial was placed 
into a larger bottle, which was tightly sealed and placed in an oven to 
heat to 80 ◦C and kept for 24 h. After the adsorption, the vial was quickly 
transferred to the fume hood and opened, and the residual iodine vapor 
escaped. After cooling to room temperature, the iodine capture capacity 

Scheme 1. Schematic illustration of MoS2/CoS2/Ni3S2/NF formation.  
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of the sorbent was estimated based on the change in weight before and 
after iodine capture. For each static adsorption experiment, three groups 
were carried out in parallel. The iodine capture capacity was calculated 
according to Eq. (1), and the average value of the results was used for 
follow analysis. 

qe(mg/g) =
m2 − m1

m1
× 1000 (1)  

where qe (mg/g) represents the amount of iodine adsorption, m1 (mg) 
and m2 (mg) represent the weights of the sorbent before and after iodine 
capture, respectively. 

For sorption kinetics, the experimental procedures were similar to 
above, but changed the contact time to 30, 60, 90, 120, 150, 180, 240, 
360, 540 and 720 min, and the amounts of iodine adsorbed were 
calculated by Eq. (1). 

2.3. Desorption experiments 

In order to figure out the release of adsorbed iodine, desorption ex
periments were performed by treating the post-sorption samples at 80 ◦C 
for 2 h under a vacuum degree of 0.09 MPa. The initial mass of the 
adsorbent was labeled as m1 (the same as m1 in formula 1), and the mass 
of the I-loaded sample after desorption was labeled as m2′. According to 
the remaining mass, iodine adsorption capacity after desorption is 
calculated by Eq. (2). 

qe(mg/g) =
m2

ʹ − m1

m1
× 1000 (2)  

where qe is iodine sorption capacity after desorption, m1 (mg) is the 
initial mass of the sorbent, and m2′ (mg) is the mass of the I-loaded 

sample after desorption. 

2.4. XAFS measurements 

X-ray absorption fine structure (XAFS) was collected in fluorescence 
mode using a Lytle detector under ambient conditions. The photon en
ergies were calibrated using the first inflection point of the K-edges from 
metallic Mo, Ni and Co foils, respectively. All data were processed using 
ATHENA and ARTEMIS programs in the Demeter computer package. 

2.5. DFT calculations 

First-principles calculations was performed using DFT [42] within 
project augmented wave method (PAW) [43] implemented in the 
Vienna Ab initio Simulation Package (VASP) [44]. Exchange and corre
lation energy is performed by Perdue-Burke-Ernzerhof (PBE) [45] 
version of the generalized gradient approximation (GGA). The 3 × 3 × 1 
supercell of Ni3S2, 5 × 5 × 1 supercell of MoS2 and 3 × 3 × 1 supercell of 
CoS2 were constructed to assemble the heterostructures of MoS2/Ni3S2, 
MoS2/CoS2 (MoS2 as the adsorption surface) and CoS2/MoS2 (CoS2 as 
the adsorption surface). Then, a single gas molecule of I2 was adsorbed 
on the surface of heterostructure as the adsorption model. A vacuum slab 
of 15 Å was employed along the c axis to prevent the interaction between 
two neighbouring surfaces. A 3 × 3 × 3 k-points Monkhorst Pack grid 
was used for the Brillouin zone sampling. The energy cut-off of plane 
wave basis sets was 450 eV. During structural optimization, the atoms in 
the system were relaxed until the force on each atom was below than 
0.01 eV/Å. The stability of I2 at the adsorption site was evaluated by 
calculating the adsorption energy using the following Eq. (3): 

ΔEad = EI2+M − EM − EI2 (3) 

Fig. 1. (A) XRD patterns of (a) Ni3S2/NF, (b) MoS2/Ni3S2/NF, (c) CoS2/Ni3S2/NF and (d) MoS2/CoS2/Ni3S2/NF-13, and (B) XRD patterns after iodine capture: (a) 
NF-I, (b) Ni3S2/NF-I, (c) MoS2/Ni3S2/NF-I, (d) CoS2/Ni3S2/NF-I and (e) MoS2/CoS2/Ni3S2/NF-13-I. 
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where the EI2+M and EM are the total energy of the material with and 
without the I2 molecule adsorbed on it, respectively, and the EI2 is the 
total energy of a free I2 molecule. 

3. Results and discussion 

3.1. Characterization of sorbents 

The MoS2/CoS2/Ni3S2/NF-xy composites are fabricated via adjusting 

Fig. 2. SEM images of (a-a’’) Ni3S2/NF, (b-b’’) MoS2/Ni3S2/NF, (c-c’’) CoS2/Ni3S2/NF and (d-d’’) MoS2/CoS2/Ni3S2/NF-13.  

Fig. 3. (a, b) TEM images, (c, d) HRTEM images, (e) HAADF-STEM image and corresponding element mappings of Ni, Co, Mo, S in MoS2/CoS2/Ni3S2/NF-13.  
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the dosage of Mo and Co salts with NF as Ni source (as shown in 
Scheme1). The following reactions may occur in the hydrothermal 
process [38,41]: First, the decomposition of NH2CSNH2 releases HS−

ions (reaction (4)), which then react with Ni (NF) to form Ni3S2 (reaction 
(5)). Meanwhile, MoO4

2- and Co2+ combine with HS− ions producing 
MoS2 (reaction (6)) and CoS2 (reaction (7)), respectively. During the 
hydrothermal process, NF acts as both the supporting skeleton for the 
growth of metal sulfides and the Ni source for the generation of Ni3S2 
phase. 

NH2CSNH2 +3H2O→2NH4
+ +HS− +HCO3

− (4)  

3Ni+2HS− +2H2O→Ni3S2 +2OH− +2H2 (5)  

2MoO4
2− +4HS− +N2H4→2MoS2 +N2 +8OH− (6)  

Co2+ +2HS− →CoS2 +H2 (7) 

X-ray diffraction (XRD) was performed to study the crystal structures 
of the resulting products. For Ni3S2/NF (Fig. 1A–a), the peaks at 2θ =
44.5◦, 51.8◦ and 76.4◦ correspond to the (111), (200) and (220) planes 
of Ni0 (JCPDS No. 04–0850) of NF, respectively. The XRD diffractions at 
21.8◦, 31.1◦, 37.8◦, 44.3◦, 50.1◦ and 55.3◦ are ascribed to the (101), 
(110), (003), (202), (211) and (300) planes of Ni3S2 (JCPDS No. 
44–1418). The presence of Ni3S2 and Ni in all products implies the 

partial sulfurization of the NF during the hydrothermal process. With the 
addition of only Mo salt (Fig. 1A–b), besides the Ni3S2 and Ni0 phases, 
there appear diffraction peaks at 2θ = 14.4◦, 32.7◦, 39.4◦ and 49.8◦

assigned to the (002), (100), (103) and (105) planes of MoS2 (JCPDS 
No. 37–1492), confirming the generation of MoS2. When only Co salt 
was added, as shown in Fig. 1A–c, the peaks observed at 2θ = 27.9◦, 
32.4◦ and 36.1◦ are ascribed to the (111), (200) and (210) crystal 
planes of CoS2 (JCPDS No. 41–1471), indicating the formation of CoS2. 
Fig. 1A–d describes the XRD pattern of the as-prepared sample by the 
simultaneous addition of Mo and Co sources at Mo:Co molar ratio of 1:3. 
The presence of diffraction peaks of the three phases of MoS2 and CoS2 
and Ni3S2 indicates the successful preparation of the MoS2/CoS2/Ni3S2/ 
NF-13. In Fig. S2, the MoS2/CoS2/Ni3S2/NF-xy composites with 
different Mo:Co ratios have similar crystal structure, and the diffraction 
peaks of CoS2 are slightly enhanced following the increase of Co content. 

Scanning electron microscopy (SEM) was used to characterize the 
microscopic morphology of the samples. From Fig. 2a, b, c and d, it is 
observed that all samples well maintain the three-dimensional (3D) 
framework structure of NF (Fig. S3). For Ni3S2/NF (Fig. 2a’–a’’), the 
magnified images reveal some small bumps with rough surface in 
striking contrast to the smooth surface of the pristine NF (Fig. S3). After 
introducing Mo salts, the nanorods arrays (~500 nm diameter for one 
rod, and the rods have a cone-shaped tip) are observed on the NF skel
eton, and the nanorods are coated with many thin nanosheets 
(Fig. 2b’–b’’). When only introducing Co salts, the obtained CoS2/Ni3S2/ 
NF exhibits similar morphology to that of MoS2/Ni3S2/NF, but the 
nanorods of CoS2/Ni3S2/NF are relatively shorter (the cone tip disap
pears) in length and larger in diameter (about 1 μm) (Fig. 2c’–c’’). The 
composites of MoS2/CoS2/Ni3S2/NF-xy with both Mo and Co addition 
generally exhibit the morphology of nanorods coated with nanosheets, 
and the Co content affects the morphology significantly. For the MoS2/ 
CoS2/Ni3S2/NF-13 at the Mo:Co ratio of 1:3 (Fig. 2d’–d’’), the nano
sheets are fluffier and the nanorods dimeter is smaller than that of the 
product with more Co content (MoS2/CoS2/Ni3S2/NF-14, see 
Fig. S4a–a’’). At low Co dosage, the nanosheets on the surface of MoS2/ 
CoS2/Ni3S2/NF-11 (Fig. S4b–b’’) are fewer, and the exposed nanorods 
become smaller in diameter and longer in length. 

Transmission electron microscope (TEM) was carried out to inves
tigate the microstructure of the MoS2/CoS2/Ni3S2/NF-13. As depicted in 
Fig. 3a,b, thin nanosheets are tightly grown on the nanorod. The high- 
resolution TEM (HR-TEM) image (as shown in Fig. 3c) of the c region 
in Fig. 3b shows a clear interface between the (210) plane of CoS2 (with 
0.25 nm spacing) and the (002) plane of MoS2 (with 0.62 nm spacing). 
The lattice fringes with spacings of 0.29 and 0.41 nm are observed in 
Fig. 3d (HR-TEM image of the d region in Fig. 3b), which are assigned to 
the (110) and (101) crystal planes of Ni3S2, respectively. These indicate 
that the nanorod belongs to the Ni3S2 phase, whose surface is covered 
with the nanosheets of CoS2 and MoS2. The corresponding elemental 
maps (Fig. 3e) from the high-angle ring dark field scanning transmission 
electron microscopy (HAADF-STEM) show that the elements of Ni, Co, 
Mo, and S are distributed in the MoS2/CoS2/Ni3S2/NF-13. 

Elemental chemical states of the materials were analyzed by X-ray 
photoelectron spectroscopy (XPS). For MoS2/CoS2/Ni3S2/NF-13, the Co 
2p spectrum (Fig. 4a) is divided into two spin orbit twin peaks and two 
satellite peaks (marked by “Sat.”), where the peaks at 778.9 and 793.8 
eV are allocated to 2p3/2 and 2p1/2 of Co3+ [46,47], and the signals 
observed at 782.0 and 796.9 eV are assigned to 2p3/2 and 2p1/2 of Co2+, 
respectively [48]. For Mo 3d (Fig. 4c), the 229.2 and 232.4 eV belong to 
3d5/2 and 3d3/2 of Mo4+ [49,50]. In Ni 2p (as described in Fig. 4e), the 
peaks at 855.4 and 873.0 eV are attributed to 2p3/2 and 2p1/2 of Ni2+, 
respectively [51,52]. For S 2p (Fig. S5a), the two peaks at 164.2 and 
162.9 eV correspond to S 2p1/2 and S 2p3/2 of S2

2- arising from the S-S 
bridges in CoS2 and terminal unsaturated S of MoS2 [48,53], and the 
peaks at 163.3 and 162.0 eV belong to S 2p1/2 and S 2p3/2 of S2- [54,55]. 
Moreover, the binding energy of 168.4 eV (Fig. S5a) is related to the S-O 
bonding produced by surface oxidation of the material [56]. 

Fig. 4. XPS spectra of (a) Co 2p, (c) Mo 3d and (e) Ni 2p of MoS2/CoS2/Ni3S2/ 
NF-13, (b) Co 2p and (f) Ni 2p of CoS2/Ni3S2/NF, (d) Mo 3d and (g) Ni 2p of 
MoS2/Ni3S2/NF, and (h) Ni 2p of Ni3S2/NF. 
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Fig. 5. (A) Co K-edge XANES and (A’) an enlarged image corresponding to the red areas of (a) CoS2/Ni3S2/NF, (b) MoS2/CoS2/Ni3S2/NF-13 and (c) MoS2/CoS2/ 
Ni3S2/NF-13-I, (B) Mo K-edge XANES and (B’) an enlarged images corresponding to the red areas of (a) MoS2/Ni3S2/NF, (b) MoS2/CoS2/Ni3S2/NF-13 and (c) MoS2/ 
CoS2/Ni3S2/NF-13-I, (C) Ni K-edge XANES and (C’) an enlarged images corresponding to the red areas of (a) Ni3S2/NF, (b) CoS2/Ni3S2/NF, (c) MoS2/Ni3S2/NF, (d) 
MoS2/CoS2/Ni3S2/NF-13 and (e) MoS2/CoS2/Ni3S2/NF-13-I. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 6. (a) Iodine capture capacities and (b) sorption kinetics of Ni3S2/NF, CoS2/Ni3S2/NF, MoS2/Ni3S2/NF and MoS2/CoS2/Ni3S2/NF-13.  
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To explore effects of Mo and Co on the electronic structure of the 
MoS2/CoS2/Ni3S2/NF, XPS tests of control samples of Ni3S2/NF, CoS2/ 
Ni3S2/NF and MoS2/Ni3S2/NF were also performed. Compared with Co 
2p (Fig. 4b) and Ni 2p (Fig. 4f) spectra of CoS2/Ni3S2/NF, the peak 
positions of MoS2/CoS2/Ni3S2/NF-13 (Fig. 4a, e) shift to the direction of 
high binding energy (Co 2p shift is +0.3 eV, Ni 2p shift is +0.1 eV), 
demonstrating increased oxidation state of Co and Ni in the presence of 
Mo. Furthermore, a negative shift (-1.2 eV) is observed in the Mo 3d 
spectrum of MoS2/CoS2/Ni3S2/NF-13 (Fig. 4c) compared to MoS2/ 
Ni3S2/NF (without CoS2) (Fig. 4d), which further proves the electron 
transfer from Co to Mo in MoS2/CoS2/Ni3S2/NF-13. Similarly, compared 
with Ni3S2/NF (Fig. 4h), the Ni 2p spectrum of MoS2/Ni3S2/NF (Fig. 4g) 
shows a positive shift of +0.2 eV (from 855.5 to 855.7 eV), confirming 
the electron transfer of Ni → Mo. In addition, compared with Ni3S2/NF 
(Fig. 4h), the Ni 2p peak of CoS2/Ni3S2/NF (Fig. 4f) in CoS2/Ni3S2/NF 
exhibits a negative shift (from 855.5 to 855.3 eV), indicating that the 
presence of Co surely reduces the oxidation state of Ni. Moreover, no 
significant change is observed in S 2p peaks of MoS2/CoS2/Ni3S2/NF-13 
and control samples (Fig. S5). These electron transfers in the MoS2/ 
CoS2/Ni3S2/NF are also confirmed by the XAFS results below. 

Fig. 5 depicts the XAFS of MoS2/CoS2/Ni3S2/NF-13 and control 
samples. The K-edges of Co, Mo and Ni are shown in Fig. 5A, B, C, for 
which the Fig. 5A’, B’, C’ are the enlarged images corresponding to red 
areas on the left. Compared to CoS2/Ni3S2/NF (Fig. 5A’–a), the ab
sorption edges of Co in MoS2/CoS2/Ni3S2/NF-13 (Fig. 5A’–b) shifts to 
the higher energy (7714.14 → 7715.29 eV), and the absorption edges of 
Mo in MoS2/CoS2/Ni3S2/NF-13 (Fig. 5B’–b) shifts toward the lower 
energy (20005.24 → 20005.03 eV) compared to MoS2/Ni3S2/NF 
(Fig. 5B’–a), proving the Co → Mo electron transfer. For the Ni K-edge, 
compared with CoS2/Ni3S2/NF (no MoS2, 8334.24 eV, see Fig. 5C’–b), 
the absorption edge of MoS2/CoS2/Ni3S2/NF-13 (with MoS2, 8336.03 
eV, see Fig. 5C’–d) shifts toward higher energy, and similar positive shift 
is observed in MoS2/Ni3S2/NF (with MoS2, 8336.51 eV, see Fig. 5C’–c) 
relative to Ni3S2/NF (without MoS2, 8335.85 eV, see Fig. 5C’–a), both of 
which suggest electron transfer of Ni → Mo. Moreover, compared to 
CoS2absent phases of MoS2/Ni3S2/NF (8336.51 eV, Fig. 5C’–c) and 
Ni3S2/NF (8335.85 eV, Fig. 5C’–a), the Ni K-edge of CoS2-containing 
phases of MoS2/CoS2/Ni3S2/NF-13 (8336.03 eV, Fig. 5C’–d) and CoS2/ 
Ni3S2/NF (8334.24 eV, see Fig. 5C’–b) shift to lower energy, respec
tively, demonstrating the electron transfer from Co to Ni. All the electron 
transfers of Ni → Mo, Co → Mo and Co → Ni would optimize the elec
tronic structure, which is conducive to improving iodine adsorption 
performance discussed below. 

3.2. Capture of iodine vapor 

The maximum iodine capture capacity was assessed via the mass 
difference of sorbent before and after trapping iodine according to the 
formula (1). As described in Fig. S6, pure NF shows a much low iodine 
adsorption capacity of 160 mg/g. However, the iodine adsorption ca
pacity of MoS2/CoS2/Ni3S2/NF-13 is significantly increased to 1804 
mg/g, which is much larger than those of MoS2/CoS2/Ni3S2/NF-14 
(1705 mg/g) and MoS2/CoS2/Ni3S2/NF-11 (1156 mg/g). The best 
iodine capture performance of MoS2/CoS2/Ni3S2/NF-13 may profit from 
the morphology of nanorods wrapped in fluffy thin nanosheets which 
provide more adsorption sites. Moreover, the iodine capture capacity of 
MoS2/CoS2/Ni3S2/NF-13 is also higher than those of Ni3S2/NF (1114 
mg/g), CoS2/Ni3S2/NF (1247 mg/g) and MoS2/Ni3S2/NF (1533 mg/g) 
(shown in Fig. 6a). The significantly enhanced iodine capture ability of 
MoS2/CoS2/Ni3S2/NF-13 highlights the important role of interfacial 
interactions of the CoS2, MoS2 and Ni3S2. Notably, as listed in Table 1, 
the iodine capture capability of MoS2/CoS2/Ni3S2/NF-13 surpasses most 
of the existing inorganic sorbents [17,25,26,32,34,38,57–62], for 
example, metal sulfides (Bi2S3@SiO2, qm

I = 1180 mg/g [32]; 1-Ni3S2/ 
NF, qm

I = 1442 mg/g [35]; NaY-NH4F-Bi2S3, qm
I = 491 mg/g [57]), and 

LDH-based sorbents (Mo3S13-LDH, qm
I = 1580 mg/g [31]; BiZnAl-LDH, 

qm
I = 433 mg/g [58]; NiTi-Sx-LDH, qm

I = 520 mg/g [60]), and is com
parable to sulfur-based aerogels such as NiMoS4 (qm

I = 2250 mg/g) and 
CoMoS4 (qm

I = 2000 mg/g) [25]. 
To further investigate the contribution of physical adsorption and 

chemical adsorption on the iodine capture, the I-loaded samples were 
placed in a vacuum oven (vacuum degree is 0.09 MPa) at 80 ◦C for 2 h to 
perform the desorption experiments. As shown in Fig. 6a and Fig. S6, 
after being heated in the vacuum condition, the iodine adsorption ca
pacities of all the samples show slight decrease. The capacity differences 
before and after desorption range in 207–354 mg/g, which are higher 
than the maximum iodine adsorption capacity of pristine NF (160 mg/ 
g). This indicates that the released iodine under such desorption con
dition (80 ◦C heating and 0.09 MPa vacuum degree) is not only derived 
from physical adsorption, but also from chemisorption driven by soft 
acid-soft base interaction (labeled as HSAB-I). Furthermore, specific 
surface areas and pore characteristics of MoS2/CoS2/Ni3S2/NF-13 and 
control samples were studied via N2 sorption measurements. As shown 
in Fig. S7, all samples show type-IV N2 adsorption/desorption isotherms 
with H3-type hysteresis loops, meaning mesoporous structures [33]. 
More importantly, although the specific surface area (SBET = 7.134 m2 

Table 1 
Adsorption capacity of I2 by MoS2/CoS2/Ni3S2/NF-13 and reported materials.  

Sorbents T 
(◦C) 

Iodine capture 
capacity (mg/g) 

References 

MoS2/CoS2/ 
Ni3S2/NF 

80 1804 This work 

NixSy/NFa 77 1442 Chem. Eng. J. 2024. [38] 
Bi2S3@SiO2

b 200 1180 ACS Appl. Nano Mater. 
2023. [32] 

NaY-NH4F-Bi2S3
c 75 491 Chem. Eng. J. 2022. [57] 

MgAl-Mo3S13- 
LDHd 

80 1580 J. Colloid Interface Sci. 
2024. [34] 

NiTi-Sx-LDHe 75 520 Chem. Eng. J. 2019. [60] 
BiZnAl-LDHf 75 433 RSC Adv. 2020. [58] 
NiMoS4

g 200 2250 Chem. Mater. 2015. [25] 
CoMoS4

h 75 2000 Chem. Mater. 2015. [25] 
KCoSi 75 1600 Chem. Mater. 2015. [25] 
MoSx aerogel

j 60 1000 J. Am. Chem. Soc. 2015.  
[26] 

Ag0@BT-nCFk 75 1704 Appl. Surf. Sci. 2022. [17] 
AgXl 150 355 Ind. Eng. Chem. Res. 2023. 

[61] 
Ag/Cu-BTC-DMAm 80 410 ACS Appl. Nano Mater. 

2023. [62] 
Cu-BTC@PESn 75 639 Appl. Mater. Interfaces 

2019. [59]  

a NixSy/NF, fabricated by one-step hydrothermal reaction with nickel foam 
and thiourea as raw materials. 

b Bi2S3@SiO2, prepared via coating Bi2S3 with electrospinning SiO2 nanofiber. 
c NaY-NH4F-Bi2S3, fabricated by modifying bismuth sulfide supported NaY 

zeolite with fluoride. 
d MgAl-Mo3S13-LDH, obtained by introducing [Mo3S13]2- into MgAl-LDH 

interlayers. 
e NiTi-Sx-LDH with NiTi-LDH layers and polysulfides. 
f BiZnAl-LDH obtained via bismuth modified ZnAl-LDH. 
g NiMoS4, fabricated via mixing (NH4)2MoS4 with NiCl2 in formamide fol

lowed supercritical drying. 
h CoMoS4, obtained by mixing (NH4)2MoS4 with CoCl2 in formamide followed 

supercritical drying. 
i KCoS, fabricated by mixing K2S5 with CoCl2 in formamide followed super

critical drying. 
j MoSx aerogel, synthesized by an oxidative coupling using (NH4)2MoS4 and 

iodine. 
k Ag0@BT-nCF, synthesized through chemical cross-linking and redox 

methods with collagen fiber as raw materials. 
l AgX, Ag-based zeolite material. 
m Ag/Cu-BTC-DMA, fabricated by cation exchange with 

[(CH3)2NH2]3[(Cu4Cl)3(BTC)8]⋅9DMA (Cu-BTC-DMA) as precursor. 
n Cu-BTC@PES, millimeter-scale porous Cu-BTC@poly(ether sulfone) com

posite prepared by a phase inversion method. 
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g− 1), pore size (4.004 nm) and pore volume (0.021 cc/g) of MoS2/CoS2/ 
Ni3S2/NF-13 are slightly larger than those of Ni3S2/NF (SBET = 0.596 m2 

g− 1, 3.978 nm, 0.002 cc/g), MoS2/Ni3S2/NF (SBET = 0.863 m2 g− 1, 
3.989 nm, 0.003 cc/g) and CoS2/Ni3S2/NF (SBET = 1.507 m2 g− 1, 4.000 
nm, 0.004 cc/g), all the values are still small, indicating that the NF- 
based samples have small specific surface area and low porosity. This 
means weak physical adsorption ability toward iodine. After desorption, 
the MoS2/CoS2/Ni3S2/NF-13 still exhibits a very large iodine capacity of 
1478 mg/g, which is attributed to the chemical adsorptions from the 
three phases of MoS2, CoS2 and Ni3S2. 

The change of iodine sorption capacity with time was measured to 
investigate the sorption kinetics of MoS2/CoS2/Ni3S2/NF-13 and the 
control samples. As shown in Fig. 6b, the iodine absorption capacity of 
MoS2/CoS2/Ni3S2/NF-13 increases rapidly and reaches 80% of the 
equilibrium adsorption capacity within 2 h of the initial adsorption. 
With the extension of adsorption time, the adsorption rate gradually and 
slowly increases until adsorption equilibrium is reached, giving the 
maximum adsorption capacity (~1810 mg/g). In contrast, control 
samples of Ni3S2/NF (4 h), CoS2/Ni3S2/NF (3 h) and MoS2/Ni3S2/NF (3 
h) require longer time to reach 80% of the equilibrium adsorption ca
pacity. Interfacial interactions among CoS2, MoS2 and Ni3S2 in MoS2/ 
CoS2/Ni3S2/NF-13 may be the main reason to accelerate the sorption 
kinetics. 

3.3. Characterization of post-sorption samples and iodine capture 
mechanism 

To investigate the sorption mechanism, XRD, SEM-EDS and XPS were 
utilized to characterize the I-loaded samples. As shown in Fig. 1B–a, 
after NF traps the iodine, the weak diffractions appear at 2θ = 13.4◦, 
26.6◦, 27.7◦, 31.9◦ and 48.3◦ correspond to the crystal planes of (003), 
(101), (012), (104) and (113) of NiI2 (JCPDS No. 20–0785) besides the 
diffraction peaks of Ni0. This indicates that the Ni0 of NF skeleton can 
reduce I2 molecules to I− ions, while the Ni itself is oxidized to Ni2+, 
which combines with I− forming NiI2. It is worth nothing that for Ni3S2/ 
NF-I (Fig. 1B–b), the intensity of diffraction peaks related to Ni0 de
creases, and the peaks of Ni3S2 disappear, while the diffractions of NiI2 
are generated, implying that Ni0 in Ni3S2 and NF acts as a reducing agent 
to realize chemisorption for iodine. Our recent work also confirmed the 
Ni3S2/NF could chemically adsorb the iodine, and Ni3S2 fully partici
pated the sorption reaction with I2 while NF partially took part in, so the 
NF skeleton could be well maintained [38]. For the materials containing 
other phases such as MoS2 and/or CoS2 besides the Ni3S2/NF, after 
iodine adsorption, as found in MoS2/Ni3S2/NF-I (Fig. 1B–c), CoS2/ 
Ni3S2/NF-I (Fig. 1B–d) and MoS2/CoS2/Ni3S2/NF-13-I (Fig. 1B–e), be
sides the resulting NiI2, the starting phase of Ni3S2 still exists, meaning 
incomplete reaction with I2. This may be due to the coating of MoS2 and/ 
or CoS2 nanosheets on the surface of Ni3S2 hinder its reaction in the 
inner layer with I2. Furthermore, during the capture, no Mo/Co iodides 
are observed, which is consistent with previous reports [25,34]. Based 
on reference [63,64], I− thermodynamically favored the binding to 

Fig. 7. SEM images of (a-a’’) Ni3S2/NF-I, (b-b’’) MoS2/Ni3S2/NF-I, (c-c’’) CoS2/Ni3S2/NF-I and (d-d’’) MoS2/CoS2/Ni3S2/NF-13-I.  
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Mo2+/Mo3+ rather than to Mo4+, so MoIx compounds are not formed 
due to the +4 valence of Mo in MoS2. In addition, the weak affinity of 
cobalt ions with I− [65] results in the absence of Co iodides. However, 
though not producing Mo/Co-based iodides, subsequent DFT calcula
tions testify that the two phases of MoS2 and CoS2 still play important 
role during the adsorption. 

Raman spectroscopy was measured to investigate the structure 
change of MoS2/CoS2/Ni3S2/NF-13 after iodine capture. As described in 
Fig. S8, the Raman shifts at 152 and 213 cm− 1 originate from the anti- 
symmetric stretching vibration and the bending vibration of S8 ring, 
respectively [66,67]. Furthermore, the peak at 533 cm− 1 is associated 
with the ν(S-S)bri [68]. These results demonstrate the formation of S8, 
and also imply that S2- in MoS2/CoS2/Ni3S2/NF-13 is oxidized to S8. The 
Raman shifts at the 388–285 cm− 1 correspond to the ν(Mo-S) [69], 
suggesting the MoS2 phase still exists in the post-sorption sample of 
MoS2/CoS2/Ni3S2/NF-13-I. Moreover, the signal at 118 cm− 1 is associ
ated with Ni-I bond [70], implying the generation of NiI2. 

The morphologies of the samples after iodine sorption were char
acterized by SEM. From Fig. 7a,b,c,d, after iodine adsorption, the MoS2/ 
CoS2/Ni3S2/NF-13-I and the control samples still well maintain the NF 
skeleton. For Ni3S2/NF-I (Fig. 7a’,a’’), many nanosheets crisscrossed on 
the NF skeleton are observed at high magnification, probably origi
nating from the growth of NiI2. For MoS2/Ni3S2/NF-I (Fig. 7b’,b’’), there 

are more nanosheets growing tightly on the NF. The CoS2/Ni3S2/NF-I 
has a similar morphology to MoS2/Ni3S2/NF-I, expect the rougher sur
faces of the nanosheets (Fig. 7c’,c’’). Notably, as described in Fig. 7d’, 
d’’, the morphology of MoS2/CoS2/Ni3S2/NF-13-I changes significantly 
compared with the control samples, with the nanosheets becoming 
longer in length while thinner in thickness. The elemental mapping of 
MoS2/CoS2/Ni3S2/NF-13-I shows that only Ni and I elements are found 
to be evenly distributed throughout the nanosheets (Fig. S9a1-a2), 
confirming that the nanosheets correspond to the NiI2 phase. The Mo, Co 
and S elements have not been detected on the nanosheets, so we changed 
the detection area and performed the energy dispersive X-ray spectros
copy (EDS) again with the high magnification. We selected the region 
close to the NF substrate for EDS analysis. In Fig. S9b, the red region is 
the NF substrate, whose surface is covered with the abundant irregular 
substances. Outside the red area are NiI2 nanosheets. From corre
sponding elemental mapping, it is observed that Ni element is distrib
uted throughout the region (Fig. S9b–1), while the I element is 
concentrated on the NiI2 nanosheets (Fig. S9b–5). Particular attention 
should be paid to the fact that Co, Mo and S elements (Fig. S9b–2, b–3 
and b–4) are concentrated in the red region of Fig, S9b, implying that the 
substances may be CoS2 and MoS2 that have not reacted with I2. 

I-loaded samples were also characterized by XPS to study the 
elemental chemical states. The obvious I 3d signal in survey spectrum 
proves that the iodine molecules are trapped by MoS2/CoS2/Ni3S2/NF- 
13 (Fig. S10a). In the I 3d (Fig. S10b), the peaks at 618.9 and 630.3 eV 
are attributed to I 3d5/2 and I 3d3/2 of I3− [71,72]. Compared with MoS2/ 
CoS2/Ni3S2/NF-13 (Fig. 4e), the Ni 2p (Fig. S10c) of MoS2/CoS2/Ni3S2/ 
NF-13-I is shifted +0.1 eV toward the higher binding energy, possibly 
due to the formation of NiI2 with stronger electronegative I− (compared 
with S2- in Ni3S2). For Co 2p (see Fig. S10d), the peak positions exhibit 
positive shifts (+0.3 eV) and the ratio of fitted peak area of Co3+/Co2+

increases after iodine capture. As shown in Fig. S10e, compared with 
MoS2/CoS2/Ni3S2/NF-13 (Fig. 4c), the Mo 3d peak of Mo(IV) in MoS2/ 
CoS2/Ni3S2/NF-13-I has a left-shift of +0.1 eV. In addition, the signals at 
236.2 and 233.1 eV belong to Mo 3d3/2 and Mo 3d5/2 of Mo6+ [73], and 
the a small amount of Mo6+ may result from the surface oxidation of the 
sample. For S 2p spectrum (Fig. S10f), after iodine capture, the peak 
intensity associated with S2

2-/S2- in MoS2/CoS2/Ni3S2/NF-13-I is signif
icantly reduced, and the peak positions are shifted +0.2 eV towards 
higher energy. Moreover, a signal belonging to S0 appears at 165.1 eV 
[60]. These results imply that S2

2-/S2- species of Ni3S2 in MoS2/CoS2/ 
Ni3S2/NF-13 are oxidized to S8 during iodine adsorption. 

Furthermore, the XAFS of the I-loaded sample of MoS2/CoS2/Ni3S2/ 
NF-13-I was adopted to explore the change of chemical state of Co, Mo 
and Ni. As shown in Fig. 5A’, B’ and C’, the absorption edges of Co 
(7715.29 → 7715.49 eV), Mo (20005.03 → 20006.02) and Ni (8336.03 
→ 8339.56 eV) show shifts of +0.20, +0.99 and +3.53 eV to higher 
energy, respectively after iodine capture, providing the increased 
oxidation states of the three metal ions after loading iodine. Importantly, 
compared with Co, the much increased oxidation states of Ni and Mo 
mean the Ni3S2 and MoS2 have stronger interactions with iodine. The 
enormous variation in the absorption edges of Ni implies great change in 
the chemical environment, such as the phase transformation of Ni3S2 to 
NiI2. 

3.4. DFT calculations 

In order to know about the interfacial effect of MoS2/CoS2/Ni3S2/NF 
on the iodine capture, as shown in Fig. S11, we constructed four struc
tural models of Ni3S2, MoS2/Ni3S2 (MoS2 as adsorption surface), MoS2/ 
CoS2 (MoS2 as adsorption surface) and CoS2/MoS2 (CoS2 as adsorption 
surface), and calculated the adsorption energy (Ead) for I2 using DFT. 
Firstly, a single I2 molecule was optimized by DFT calculations. The 
calculated I-I bong length of I2 of 2.682 Å (Fig. S12) is consistent with 
the reported value [74,75]. As described in Fig. S13, we constructed 
adsorption models of I2 molecule adsorbed at the metal sites and S sites 

Fig. 8. Optimized structural models with one I2 molecule adsorbed on the 
metal sites of (a) Ni3S2, (b) MoS2/Ni3S2, (c) MoS2/CoS2 and (d) CoS2/MoS2, and 
S sites of (a’) Ni3S2, (b’) MoS2/Ni3S2, (c’) MoS2/CoS2 and (d’) CoS2/MoS2. 
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of Ni3S2, MoS2/Ni3S2, MoS2/CoS2 and CoS2/MoS2, respectively, and the 
optimized adsorption models are shown in Fig. 8. The corresponding Ead 
and equilibrium configuration parameters are summarized in Table S1. 
For Ni3S2, the Ead of I2 molecule at Ni site (-3.76 eV) and S site (-2.61 eV) 
are both negative, indicating that the adsorption state of I2 at all the sites 
of Ni3S2 is stable. Moreover, in the optimized adsorption model of Ni3S2 
(Fig. 8a), the I2 molecule is adsorbed at the center of three Ni atoms with 
the same length of Ni-I bond. Also, the Ni site shows the smaller Ead 
(-3.76 eV) and shorter Ni-I bond length (2.560 Å) than S site does 
(Table S1), demonstrating a stronger binding force between I2 and Ni. In 

addition, compared with the I-I bond (2.682 Å) of the free I2 molecule, 
the I-I bond (3.062 Å) of the I2 molecule adsorbed at Ni site is signifi
cantly elongated compared with that at the S site (Fig. 8a,a’), suggesting 
that the I2 adsorbed at the Ni site has stronger reactivity during 
adsorption. Notably, when we place I2 at Mo and S sites of MoS2/Ni3S2 
and MoS2/CoS2, respectively (as shown in Fig. S13b and Fig. S13c), after 
structural optimization, we found the I2 is eventually attached to the S 
sites (see Fig. 8b,b’ and Fig. 8c,c’). This indicates that S is more 
conducive to the I2 capture than Mo, that is, S atoms on the surface of 
MoS2/Ni3S2 and MoS2/CoS2 are the favorable adsorption sites. 

Fig. 9. The TDOS of (a, b) Ni3S2, (d, e) MoS2/Ni3S2, (g, h) MoS2/CoS2 and (j, k) CoS2/MoS2 with and without adsorption I2 molecules; PDOS of I2 adsorption on (c) 
Ni3S2, (f) MoS2/Ni3S2, (i) MoS2/CoS2 and (l) CoS2/MoS2. 
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However, for CoS2/MoS2 (Fig. 8d,d’, CoS2 works as adsorption surface), 
Ead values at both Co and S sites are positive (Table S1), indicating that 
the adsorption of I2 on the surface of CoS2/MoS2 is unfavorable, in other 
words, CoS2 does not directly serve as sorption site in the adsorption of 
I2. 

The electronic structure contributes to a deeper understanding of the 
iodine capture mechanism. We know that iodine molecules are excellent 
electron acceptors, so the charge transfer between iodine and sorbents 
can effectively improve the adsorption property [29,35]. As shown in 
Fig. S14, the peak intensity of total density of states (TDOS) of MoS2/ 
Ni3S2, MoS2/CoS2 and CoS2/MoS2 at the Fermi level are larger than that 
of Ni3S2, meaning higher carrier density. This facilitates electron 
transfer, resulting in higher activity at the interface than the single phase 
of Ni3S2. In Fig. 9a,b, compared with Ni3S2, the TDOS of Ni3S2-I is 
reduced at the Fermi level, which may be due to the charge transfer from 
the Ni3S2 to I2. As well known, the hybridization between atomic or
bitals can be observed by analyzing the overlap of the orbital peaks on 
the PDOS curve, which further indicates the strength of the interatomic 
interactions [76]. In the projected density of states (PDOS) of Ni3S2-I 
(Fig. 9c), the peaks of I2-p, Ni-s, Ni-d, S-s and S-p orbitals are observed to 
be hybridization at the Fermi level, demonstrating a strong interaction 
between I2 and Ni/S that changes the electronic structure of Ni3S2. After 
iodine adsorption, the TDOS of MoS2/Ni3S2-I decreases at Fermi level 
(Fig. 9d,e), indicating that there exists electron transfer between MoS2/ 
Ni3S2 interface and I2. Moreover, the PDOS of MoS2/Ni3S2-I shows a 
small overlap between I2 orbital and MoS2/Ni3S2 at Fermi level (Fig. 9f), 
which may result from the interaction between I2 and Ni3S2 at the 
interface of MoS2/Ni3S2. For the MoS2/CoS2 (MoS2 as the adsorption 
surface), after the adsorption of iodine, the TDOS of MoS2/CoS2-I drops 
slightly at the Fermi level (Fig. 9g,h), and there is no hybridized between 
I2-p orbital and MoS2/CoS2 observed in the PDOS of MoS2/CoS2-I 
(Fig. 9i). Combined with the above adsorption energy data that the Ead 
of I2 at S sites on the surface of MoS2/CoS2 are negative, the MoS2/CoS2 
may rely on the electrostatic adsorption to trap iodine, and do not 
covalently bond with I. However, the peak intensity of TDOS of CoS2/ 
MoS2 (CoS2 as adsorption surface) is unchanged at Fermi level before 
and after iodine trapping (Fig. 9j,k), implying that the iodine adsorption 
does not affect the electronic structure of CoS2/MoS2. Furthermore, the 
PDOS of CoS2/MoS2-I shows that the I2-p orbital is far away from the 
Fermi level (Fig. 9l), further demonstrating that there is no direct 
interaction between I2 and CoS2. These results suggest that CoS2 does 
not act as the adsorption site. Combined with XPS and XAFS results, the 
contribution of CoS2 to I2 capture may originate from the electron 
transfer of Co → Mo and Co → Ni, which enhances the reactivity of MoS2 
and Ni3S2 at the interfaces. 

To sum up, iodine capture mechanism of MoS2/CoS2/Ni3S2/NF is 
summarized as follows: (1) the morphology of nanorods wrapped with 
fluffy nanosheets of MoS2/CoS2/Ni3S2/NF provides more adsorption 
sites for I2 capture; (2) the sulfides as soft Lewis bases possess a strong 
affinity for I2 with soft Lewis acidic nature, facilitating the capture of a 
large amounts of iodine; (3) Ni3S2/NF component plays a leading role in 
chemical sorption of I2 forming NiI2 and S8; (4) MoS2 makes an impor
tant contribution to iodine capture mainly through electrostatic 
adsorption; (5) for CoS2, REDOX potential of Co2+/Co3+ and interfacial 
electron transfers of Co → Mo and Co → Ni significantly promote the 
iodine sorption capability via synergistic interactions. 

4. Conclusions 

In summary, a series of MoS2/CoS2/Ni3S2/NF composites are fabri
cated via one-step hydrothermal reaction to achieve excellent iodine 
capture. The optimal MoS2/CoS2/Ni3S2/NF-13 owns the most favorable 
morphology of nanorods coated with fluffy nanosheets, providing more 
adsorption sites to endow an extremely large iodine adsorption capacity 
of 1804 mg/g. According to HSAB theory, the MoS2/CoS2/Ni3S2/NF 
composites possess high affinity for Lewis soft acidic I2, which is 

conducive to the capture of large amount of I2. For Ni3S2/NF, both S2- 

and Ni0 reduce I2 molecules to I− ions, and the Ni2+ ions combine with I−

forming NiI2. The calculated Ead and PDOS via DFT demonstrate stronger 
interactions between I2 and Ni3S2, suggesting the REDOX reaction. For 
the MoS2, the iodine capture is mainly via electrostatic adsorption. 
Though CoS2 does not adsorb I2 directly, it promotes the iodine capture 
through electron transfers of Co → Mo and Co → Ni. The interactions 
including HSAB, REDOX, electrostatic attraction, as well as electron 
transfer, all belong to chemical adsorptions, which contribute to the 
wonderful capture capacity of iodine. This work provides a novel idea 
for designing new and high-efficiency metal sulfides-based iodine 
sorbents. 
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