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Editor: Daniel CW Tsang Molybdenum disulfide (MoS,) was incorporated controllably by oxygen in order to modify the hydrophobic
Keywords: surfaces and thus to improve the adsorption of Hg?>* on MoS, in aqueous solutions in this work. The experi-
Oxygen incorporation mental results indicated that the incorporation of oxygen could dramatically improve the adsorption of Hg2+ on
MoS, MoS,. With 11% oxygen atom incorporation, the adsorption rate and capacity increased over 17 times and 21
Hg>* adsorption folds, respectively, compared with that without oxygen incorporation. This vast improvement was found to be
DFT calculations contributed to that the incorporation of oxygen would greatly enhance the complexation between S atoms and

Hg?* on MoS, surfaces, resulting in the great increase of the Hg?* adsorption. The increase of the adsorption
capacity with increasing incorporated oxygen reached a plateau, which might be due to the saturation of
covalent bond. In addition, the incorporation of oxygen atom greatly enhanced the hydrophilicity of MoS,
surfaces, facilitating the hydrated Hg>* ions to approach to MoS, surfaces. This finding might provide a highly
potential adsorbent for efficiently removing Hg>* from water.
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1. Introduction

Mercury (Hg) pollution in aqueous solutions had been a worldwide
environmental problem owing to its high toxicity (Obrist et al., 2017).
As a great threat to public health, Hg caused serious human disease,
known as minamata disease (Nanomi and David, 2013). Thus, it is
critical to develop efficient technologies for removing Hg?* from
aqueous solution. Among the existing technologies of removing Hg>*,
adsorption is regarded as the most promising method in terms of its
simplicity, regeneration capacity and cost efficiency (Kim et al., 2018;
Vikrant and Kim, 2019).

During the past few years, various adsorbents had been exploited for
removing Hg?* from aqueous solution (Huang et al., 2019; Zhang et al.,
2019; Di Natale et al., 2011). Conventional adsorbent materials like
clays (Sdiri et al., 2012; Zhan et al., 2019), active carbon (Rao et al.,
2009) had poor selectivity and weak binding affinity for Hg>* removal.
Recently, given strong soft-soft interactions between Hg>* and sulfur,
sulfur resources had been introduced into various materials, such as
thiol-functionalized decorated metal organic frameworks (Shin et al.,
2018; Xiao and Jiang, 2018), thiol-functionalized decorated covalent
organic frameworks (He et al., 2018; Wibmer et al., 2018). But, these
materials suffer from complex preparation step and expensive synthe-
sized raw materials, which limited the practical application (Ai et al.,
2016). Meanwhile, molybdenum disulfide (MoS,) had received tre-
mendous attentions because of its abundant intrinsic sulfur atoms,
strong adsorption capacity and large specific surface area (Jia et al.,
2017a, 2018; Liu et al., 2017a; Zhao et al., 2015; Peng et al., 2017;
Yuan et al., 2019). As a typical layered transition-metal dichalcogenide,
MoS, possessed layered structure with each layer consisting of one
molybdenum sheet sandwiched by two sulfur sheets (Wang and Mi,
2017; Petd et al., 2018; Li and Peng, 2018). There is weak wan der
Waals forces between individual sandwiched S-Mo-S layers, but strong
chemical bonding within layers (Liu et al., 2014). Hence, MoS; is prone
to form two-dimensional morphology that can offer large surface area
for Hg2+ adsorption. According to the report (Liu et al., 2017b), the
adsorption capacity of Hg®>" on natural molybdenite is 305mg/g,
which showed an improvement compared with other adsorbents.
However, the surface of MoS, was hydrophobic, which was unfavorable
for the hydrated Hg>* bound with sulfur atoms exposed outside.

Based on the key factor, some attempts had been made focusing on
the improvement of surface property of MoS, (Feng et al., 2017, 2019;
Feng et al., 2018). In previous work (Jia et al., 2018), thermal treat-
ment on MoS, was developed, leading to partial oxidation on the sur-
face of MoS,, which exhibited higher removal capacity of Hg?*.
Nevertheless, oxygen atoms were only on the outer most surface of
MoS,, limited Hg®>* adsorption on MoS,. In addition, Mo"" was in-
troduced into MoS,, which made the adsorbent instable and soluble in
aqueous solution.

To overcome the instable structure of MoS, and improve the limited
adsorption capacity of Hg>* on MoS,, elemental incorporation was put
forward to realize the simultaneous optimization on improving the
surface properties of MoS, and avoiding the introduction of Mo"" for
efficient Hg>" removal. Oxygen atoms had a commendable affinity
with water molecules and Hg>*. Bearing the fact in mind, oxygen in-
corporation in MoS, might be an efficient method for removing Hg>*
from aqueous solution. In this work, an aim was made for researching
the incorporation of oxygen in MoS, to explore the adsorption behavior
and mechanism of oxygen-incorporated MoS, for removal Hg>" from
aqueous solution. X-ray diffraction (XRD), transmission electron mi-
croscopy (TEM) and X-ray photoelectron spectroscopy (XPS) were used
for studying the properties of oxygen-incorporated MoS,. The perfor-
mances of Hg?" adsorption on MoS, was investigated by kinetics ex-
periments. The mechanism of the remarkable adsorption of Hg®* on
oxygen-incorporated MoS, was explained through XPS determination,
as well as theoretical density functional theory (DFT) calculations. The
objective was to understand more clearly about the influence of surface
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property of MoS, on removal of Hg?* in aqueous solution, thus to pave
a new way of MoS, as superb adsorbent for removing heavy ions.

2. Experimental
2.1. Materials

Mercuric nitrate (Hg(NOs3)>H,0) was purchased from Shanghai
Zhanyun Chemical Co., Ltd (China), other chemicals were purchased
from Sinopharm Chemical Reagent Co., Ltd. and used as received.
Ultra-pure water (Millipore Super Q system) with a resistivity of
18.2 MQ cm was used in the experiments.

2.2. Synthesis of oxygen-incorporated MoS

MoS, without oxygen incorporation could be synthesized at 220 °C
for 24 h according to previous work (Xie et al., 2013a). Then oxygen-
incorporated MoS, was prepared through controlling the process of
crystallization by synthesis time. Typically, 2 mmol
(NH4)Mo0,0544H,0 and 60 mmol thiourea were dissolved in 72 mL
distilled water under vigorous stirring for 30 min. Then the solution was
transferred into a 100 mL Teflon-lined stainless-steel autoclave and
220 °C for different time (i.e., 6-24 h). After the reaction system cooled
down naturally to room temperature, the obtained products were col-
lected by filtration, washed with water and ethanol, and dried under
60 °C in vacuum. In the work, all the products were named as SX, where
X exhibits the synthesis time in hour.

2.3. Hg?* adsorption experimental

Batch experiments were applied for studying the adsorption of Hg?*
on various oxygen-incorporated MoS,. Adsorption kinetics of Hg>* on
various oxygen-incorporated MoS, were carried out in Hg>* con-
centration of 125mg/L and pH of 6.0 + 0.1 (adjusted by NaOH or
HNO5). Firstly, 50 mg adsorbent was added into 1L 125mg/L Hg>*
solution. Then, the suspension was shaken and sealed in a water bath
shaker at normal temperature and shaking rate of 150 rpm. After that,
at different time intervals (0-1320 min), 5ml suspension was filtered
with 0.22 um filter membrane, discarding the first 2ml and leaving
another 3ml for analysis. The filtrates were then analyzed using a
contrAA700 continuum source atomic adsorption spectrometry (AAS)
system to detect the concentration of Hg>*.

Hg?* adsorption capacity was calculated by the following equation:

_ VoCo — CV
m (@)

where g was the adsorption capacity of the adsorbent, mg/g; Cp and C
meant the Hg®* concentration in the solution before and after ad-
sorption, respectively, mg/L; V, and V represented the solution volume
of the Hg®* solution before and after adsorption, respectively, L; m was
the mass of the adsorbent in the test, g.

2.4. Density functional theory (DFT) calculations

The detailed Hg>* adsorption mechanism in oxygen-incorporated
MoS, systems was handled at the level of DFT calculated by Dmol3
program (Material Studio 8.0 software). Oxygen atoms doping in MoS,
monolayer was constructed by substituting sulfur atoms with similar
number of oxygen atoms. Different concentrations of oxygen in-
corporation were investigated: zero, one, two, three and four of S atoms
were substituted by O atoms and named MoS,, MoS,-O, MoS,-20,
MoS,-30, Mo0S,-40, respectively. The models of Hg2+ adsorption on
the surface of MoS, and oxygen-incorporated MoS, were built to in-
vestigate the isolated adsorption behavior of Hg®* on the oxygen-in-
corporated MoS,, which were shown in Figure S1. Hg?" and H,0
molecules on the surface of MoS, and oxygen-incorporated MoS, were
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built for researching the adsorption behavior of Hg®* in the water
system, as pictured in Figure S2. Periodic boundary conditions with a
vacuum space of 20 A was constructed to avoid the interaction between
neighboring MoS, layers. The supercells consist of 2 x 2X 1 unit cell
for oxygen-incorporated MoS, systems was performed. The generalized
gradient approximation (GGA), developed by Perdew-Bruker-Ernzerhof
(PBE) was applied for accounting for exchange. A Monkhorst-Pack k-
point mesh of 2 x 2x 1 was used for sampling the Brillouin zone. The
adsorption energies of Hg>* and H,O on the surface of adsorbents
could be expressed by Eq. (2),(3), respectively. Similarly, Eq. (4) re-
presented the interaction between H,0 molecules and Hg**.

AE/ﬁuisorbem/ngJr = EAdsorbem/Hger — Eadsorbent 2)
AEAdsorbent/Hzo = (EAdsurbent/n-HZO - En-HgO - EAdsorbent)/n (3)
AEy2+ /0 = (EHg2+/n-H20 — Ep.mo)/n O))

where adsorbent represented MoS,, M0S»-O, M0S>-20, Mo0S»-30 or
MoS,-40; n was the number of H,O molecules in the system;
AE gsorbent/ Hg?+ and AEadsorbent/H,0 Were the adsorption energy between
adsorbent and Hg?>* and H,0, respectively; AEy,2+y,0 meant the in-
teraction energy between Hg2+ and Hy0; E, jorbent /1g>*> Eadsorbent/n+ 10,
Epdsorbent> Epg?*/n.1m0 and E,.p,0 were the energy of adsorbent-Hg?™*
system, adsorbent-H,O system, adsorbent system, Hg?*-H,O system
and H,O system, respectively.

2.5. Characterization

XRD was performed on a D8 Avance system with Cu K, radiation (A
=0.15406 nm). SEM images were taken on a Zeiss Ultra Plus for ob-
taining the morphology and the energy dispersive spectra (EDS). XPS
was acquired on an ESCALB 250Xi photoelectron spectrometer. A
contarAA700 continuum source atomic adsorption spectrometry system
was used for detecting the concentration of Hg?*. The high-resolution
TEM (HRTEM) was performed on a Tecnai G2 F30 S-TWIN transmission
electron microscope.

3. Results and discussion
3.1. Characterization of oxygen-incorporated MoS.

The structures of samples synthesized at different time were in-
vestigated through XRD, and the results are given in Fig. 1. The dif-
fraction peaks of all the samples could be indexed to the crystalline
planes of MoS; phase, indicating the successful synthesis of MoS,. The
corresponding d spacing of S12, S18 and S24 were around 6.2 A, which
was consistent with that of pristine 2H-MoS, (6.15 i\). While, the
characteristic peaks of S6 had a slight left, reaching a corresponding d
spacing of 6.8A. The results demonstrated that the crystallinity
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Fig. 1. XRD patterns of MoS, obtained at various time.
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decreased with the decrease of synthesis time. And the inferior crys-
tallinity of MoS, or the insufficient reduction of molybdate to mo-
lybdenum disulfide might result in the incorporation of oxygen atoms
into the structure of MoS, (Xie et al., 2013a). All the prepared samples
possessed almost same interlayer spacing, revealing that d spacing was
not a dominant factor to affect the adsorption of Hg2* on MoS,.

SEM and TEM were used for characterizing the as-obtained oxygen-
incorporated MoS,. As Figure S3 outlined, all the samples exhibited
ultrathin nanosheet morphology with uniform lateral size about
100-200 nm and showed obvious ripples, disclosing synthesis time did
not affect the morphology and the ultrathin nature of the nanosheets
(Xie et al., 2013b). When synthesis time decreased, the edges of na-
nosheets became obscurer, suggesting the lower crystallinity of the
products. Cross-sectional TEM images (Figure S3d;-d4) of the curled
edges of all the long time synthesized nanosheets (S12, S18, S24) ex-
hibited the interlayer spacing were almost about 6.20 A, low time
synthesized nanosheets (S6) suggested expanded interlayer spacing of
6.76 A, all results were consistent with the results from XRD analysis.

XPS and elemental mapping analyses were carried out for in-
vestigating the chemical composition of the products. XPS survey
spectra of oxygen incorporated MoS, synthesized at various time was
displayed at Figure S4, revealing the existence of Mo, S and O in S6, S12
and S18, but only Mo and S peaks observed in S24. Binding energy of
Mo and O was consistent with that MoS,, indicating the successful
preparation of MoS,. As shown in Fig. 2a;-a4, two characteristic peaks
of Mo appeared at around 229 and 232 eV, arising from Mo 3ds,, and
Mo 3ds,, orbitals, demonstrating the dominant existence of Mo™” in all
the samples (Zhang et al., 2017). No peaks were found at around
235 eV, showing no Mo"" was introduced in MoS,, which indicated the
prepared samples were in good stable structure. And S 2p region
(Fig. 2b;-by) represented two peaks with the 2p;,, and 2p3,, peak at
about 162 and 163 eV, respectively, which was consistent with the $%~
of MoS, (Sun et al., 2017). In addition, the peak located at around 530
eV in the O 1s core-level spectrum (Fig. 2c,-c4) could be assigned to the
incorporation of oxygen into MoS,, which was attributed to the oxygen
in the Mo™0, (Liu et al., 2016; Huang et al., 2015). The peak observed
at 532 eV (Fig. 2c,) could be assigned the adsorbed water (Moo et al.,
2011; Jia et al., 2017b). No peaks of O 1s are observed in Fig. 2¢;,
indicating that MoS, without oxygen incorporation could be obtained
at the synthesis time of 24 h. Furthermore, the SEM image and corre-
sponding EDS mapping analyses (Figure S5a-d) of an individual oxygen-
incorporated MoS, showed the homogeneous distribution of the ele-
ment of Mo, S and O in the whole oxygen-incorporated MoS,. Detailed
oxygen concentration in compositional analysis detected by both XPS
and EDS is shown in Fig. 3, revealing that the atom concentration
varied from 0% to 11% as the synthesis time decreased. It seemed that
MoS, with more oxygen incorporation could be synthesized through
controlling synthesis time, compared with control of synthesis tem-
perature (Xie et al., 2013a). All of the results indicated the successful
preparation of oxygen-incorporated MoS, and different concentration
of oxygen atoms of oxygen-incorporated MoS,.

3.2. Adsorption of Hg?* on oxygen-incorporated MoS,

Adsorption kinetics of Hg>* on various oxygen-doping MoS, is
shown in Fig. 4a. It could be seen that the adsorption increased quickly
at initial time until it reached a plateau for all the MoS, adsorbents. It
was obvious that S24 exhibited the lowest adsorption capacity at
93.11 mg/L. With increased O atoms brought in MoS,, it showed con-
tinually enhanced Hg®* adsorption capacity. After O atoms con-
centration reached to 11%, S6 showed the largest adsorption capacity
at 1995.72 mg/L, which was almost 21 times than S24. The above re-
sults indicated that O atoms doping MoS, significantly improved the
Hg?"* adsorption capacity. A pseudo-first-order kinetic model and a
pseudo-second-order kinetic model were used to simulate the experi-
mental data for investigating the mechanism of adsorption. The fitting



W. Zhan, et al.

Journal of Hazardous Materials 384 (2020) 121382

S 2p,
Mo" 3d., , ( ) o ( )
(a d ) - Measured b 1 C1 = Measured
— Fitting curve Measured
—— Fitting curve
Iy S2p,, &

-~ Mo™ 3d,, —~ [

3 2 3 3
& 8 &

S24 | 3 S24
E 2 g
o O o

s 1 L 1 1 1 L L L 1 L L ' s ' L L L L
238 236 234 232 230 228 226 24 165 164 163 162 161 160 159 535 533 533 532 531 530 529 528 527 520
Binding cnergy (¢V) Binding energy (¢V) Binding energy (cV)
Mo' 3d,, S2p,, Ols
a B (b2) = Measured (C2)
2, Measured —— Fiitting curve Measured
~— Fitting curve = Fitting curve
Mo" 3d,, =

s < @

3

S S “

L L
236 234 232 230 165

Binding energy (¢V)

228 22 224 163

162

Binding energy (eV)

161 160 159 535 534 533 532 S31 530 529

Binding energy (eV)

528

Mo" 3d,,

(as)

Measured
——Fitting curve

Mo" 3d,,

S12

Counts (a.u.)
Counts (a.u.)

L

S2p,,

Mecasured
—— Fitting curve

(C3) Ols

Measured
—— Fitting curve

S12

Counts (a.u.)

238

232

Binding cnergy (cV)

230 228 165 163

162

Binding energy (V)

161 160 159 535 534 533 532 531 530 519

Binding cnergy (cV)

518 527 526

Mo 3d,, .

(a4)
Measured

Mo" 3d,, —— Fitting curve

Counts (a.u.)
Counts (a.u.)

2[);:

Ols

(C4)

Measured
= Fitting curve

Mesured
= Fitting curve

S6

Counts (a.u.)

L
236 234 165 164

163
Binding energy (eV)

232 230
Binding encrgy (cV)

228

162

161 160 139 535 534 533 532 S31 530 529

Binding energy (¢V)

528 521 5%

Fig. 2. XPS spectra exhibiting the binding energies of Mo (a;-a4), S (b;-by), O (c;1-c4) of the oxygen-incorporated MoS., synthesized at various times.

consequences were given in Table S1. Hg** adsorption on all the
samples was well described by the pseudo-second-order kinetic model
owing to the higher correlation coefficient of R,?, which might exist
chemical sorption or chemisorption involving valence forces through
sharing or exchanging of electrons between adsorbent and adsorbate. In
other words, it demonstrated that chemical interaction might exist
between Hg®* and oxygen-incorporated MoS.

The initial adsorption rate (defined as the adsorbed Hg?" per gram
of the adsorbent per unit time on the adsorbent in the first 2 min) was
used for evaluating the influence of O atoms doping MoS, on the ad-
sorption kinetics of Hg?*, which was illustrated in Fig. 4b. With in-
creased concentration of O atoms in MoS,, the initial adsorption rate
increased. The adsorption rate of S6 was 122.5mg g~ * min~ !, which
was 17.3 times faster than that S24, further proving the dramatic effect
of O atoms on the Hg?" removal with MoS, as adsorbent.

SEM-EDS was performed on further confirming Hg?" adsorption on

oxygen-incorporated MoS,. Figure S6 showed the EDS elemental map-
ping of Mo, S, O, Hg on the surface of oxygen-incorporated MoS, after
Hg?* adsorption at an initial concentration of 125mg/L for 24h.
Elemental mercury was distributed evenly on the surface of adsorbent,
indicating good adsorption of Hg?>' on the surface of oxygen-in-
corporated MoS,. Fig. 5 displays the detailed Hg concentration in
compositional analysis detected by both XPS and EDS. With increased
concentration of O atoms in MoS,, Hg concentration on MoS, increased,
which means Hg>" adsorption capacity on MoS, was improved.
Meanwhile, the difference between the O concentration and Hg con-
centration might originate from the enhanced complexation between S
atoms and Hg?* on MoS, surfaces owing to oxygen atoms.

XPS was conducted to understand the immobilization mechanism of
Hg?>* on oxygen-incorporated MoS, synthesized at various time.
Elemental peaks of Mo, S, O and Hg were detected in Figure S7, strong
peaks of Hg demonstrated adsorption of mercury on oxygen-
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Fig. 3. Elemental analyses of the oxygen concentration in the oxygen-in-
corporated MoS,.

incorporated MoS,. Fig. 6a;-c; shows Hg 4f spectrum of Hg®* ad-
sorption on oxygen-incorporated MoS,, spectra of Hg 4fs and Hg 4f;
were separated into two peaks Strong peaks. The peak of Hg® at around
99.9 eV(Jia et al., 2017b) did not appear, demonstrating that no re-
duction of Hg?" during the adsorption process. The doublet peak at
around 100.7 and 104.8 eV were believed to HgS (Hyland et al., 1990),
while another doublet at around 102.0 and 106.0 eV are assigned to
HgO (Yeong et al., 2010), which demonstrated strong interaction be-
tween Hg?" and oxygen-incorporated MoS,. But, there was no peak of
HgO appeared in the Hg?* adsorption on MoS,, which showed in
Fig. 6d;. The formation of HgS and HgO could be inferred from the
great affinity between Hg>* and adsorbent. In addition, the spectrum of
S 2p is given in Fig. 6a,-do, which might be assigned into MoS, peak at
161.9 and 163.5 eV, HgS peak at 161.7 eV (Zeng et al., 2001). Also, the
spectrum of O1s of S6, S12 and S18 are shows in Fig. 6bs-c3, which
could be divided into two peaks, while no peak occurred in the spec-
trum of O1 s of S24 (Figure a3). Peak at 530.3 eV was assigned to O 1s of
MoO,, while peak at 532.6 eV corresponded to O 1s of HgO (Jia et al.,
2018). Therefore, the oxygen atoms on the surface of MoS, could
greatly interact with Hg?*.

3.3. DFT calculation for mechanism of Hg?" adsorption

3.3.1. Interact energy between H,0, Hg?" and oxygen-incorporated MoS,

DFT calculation was performed on exploring the detailed me-
chanism of Hg?* adsorption on oxygen-incorporated MoS,. The ad-
sorption energies of both isolated Hg?* and Hg?* in water system on
the surface of adsorbent was studied through exploring the interface
interaction, as shown in Fig. 7a. With the introduction of oxygen atoms
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Fig. 5. Elemental analyses of Hg concentration after Hg®* adsorbed on oxygen-
incorporated MoS,.

on MoS,, the calculated adsorption energy of Hg>* on the surface of
MoS, increased sharply no matter in isolated adsorption or water
system. Higher adsorption energy of Hg?* on oxygen-incorporated
MoS, in water system than that in isolated adsorption Hg®* system, but
opposite in Hg?>* adsorption on the surface of MoS,. It could be as-
cribed that oxygen atoms on the surface of MoS, exhibited more
powerful affinity to Hg®* than sulfur atoms on the surface of MoS, due
to the stronger electronegativity of oxygen atoms. What was more in-
teresting, the adsorption energy of Hg®>* on oxygen-incorporated MoS,
increased to balanced value with increasing oxygen incorporation
concentrations. The phenomenon might be occurred originated from
the saturation interaction between Hg?* and oxygen-incorporated
MoS,. Also, water molecules had impact on the ngJr adsorption on the
surface of adsorbent, promoting Hg>* adsorption on oxygen-in-
corporated MoS, but weakening Hg>* adsorption on MoS,. For illus-
trating the phenomenon, interact energy between Hg?* and H,0, ad-
sorbent and H,O were calculated (Fig. 7b). As seen, the adsorption of
H,0 on MoS, was 0.245 eV (an endothermic reaction), demonstrating
repulsion between H,O and MoS, (Zhao et al., 2014). Hg2+ showed
good adsorption energy with H,O molecules because of the hydration of
Hg?*. When oxygen atoms were introduced into MoS,, the affinity of
H,O with MoS, was greatly improved. As a result, as oxygen in-
corporation, the adsorbed water molecule could accelerate Hg?* ap-
proach to the surface of MoS,, thus Hg>* well interacted with sulfur
and oxygen atoms.
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Fig. 4. Adsorption kinetics of Hg>* on MoS, and oxygen-incorporated MoS,, (a) adsorption capacity as a function of time, (b) adsorption rate in the first 2 min.
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3.3.2. Electron density maps

Furthermore, the electron density maps of Hg>* in water system
adsorption on MoS, and oxygen-incorporated MoS, are shown in Fig. 8.
In system of Hg>* adsorption on MoS, (Fig. 8a), there existed very
sparser overlap of electron cloud between Hg** and MoS,, however
dense overlap existed between Hg?>* and H,O, which indicated the
strong affinity of Hg®* to H,O but not to MoS,. As for Hg>* adsorption
on oxygen-incorporated MoS, (Fig. 8b), overlap existed between Hg>*
and oxygen atoms from both H,O and oxygen-incorporated MoS,.
Compared with H,0, Hg>" had more competitive ability to bind with
the oxygen atoms on the surface of oxygen-incorporated MoS,. Inter-
estingly, dense overlap could be found between Hg?* and sulfur atoms
after the introduction of oxygen atom on MoS,. It could be explained

that when H,O was attracted to the surface of oxygen-incorporated
MoS,, H,0 would drag Hg?* close too. Then the closer Hg?* interacted
with sulfur and oxygen atoms on the surface of MoS,. The results were
consistent with those obtained from adsorption energies.

3.3.3. Partial density of states and Milliken atomic charge changes

In addition, the partial density of states (PDOS) was calculated for
clarifying the interaction mechanism of between Hg2+, H,0, and MoS..
For the Hg?* adsorption on the surface of oxygen-incorporated MoS, in
water system, the PDOS of the interaction between Hg?* and O
(oxygen atoms of H,O molecules), Hy (hydrogen atoms of H,O mole-
cules) and Oy (oxygen atoms on the surface of MoS»), Hg2+ and Oy, as
well as Hg2+ and Sy; (sulfur atoms on the surface of MoS,) are plotted
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energy of adsorbent and H»O in the water system.

in Fig. 9. As shown, the orbitals of Hg distributed mainly in the valence
band not in the conduction band, showing that Hg atom strongly par-
ticipated bonding interaction. As shown, the orbitals of Hg distributed
mainly in the valence band instead of in the conduction band, showing
that Hg atom strongly participated bonding interaction. It could be
found that there was bonding between Hg 5d orbitals and Ow 2p or-
bitals in the range of —10 to —5eV (Fig. 9a), but bonding was not
stronger than that between Hg 5d orbitals and Oy 2p orbitals (Fig. 9b),
which meant the strong interaction between Hg and oxygen atoms on
the oxygen-incorporated MoS,. Bonding between Hg 5d orbitals and Sy
3p orbitals was also found (Fig. 9c), exhibiting the interaction between
Hg and sulfur atom on the surface of oxygen-incorporated MoS,. As
showed in Fig. 9d, there existed much overlap between Hyy 1s and Oy

orbitals, suggesting the interaction between Hyy and Oy should be hy-
drogen bonding.

Milliken atomic charge changes (AQ) of Hg?*, Oy, Oy and Sy were
calculated before and after the adsorption of Hg?" to investigate the
charge donors for Hg>" in water system in Fig. 10. Positive value of
charge changes (AQ) indicated the loss of electrons while negative
value meant the obtain of electrons (Peng et al., 2016). It was found
that Hg?>* was positively charged after adsorption, and the major lost
charges transferred to the most nearby Oy, Sy and Oy. Oy obtained
most electrons from Hg>*, which meant that the electron of Hg®* was
transferred to oxygen atoms on the surface of MoS,. Similarly, negative
charge of Oy was more than that of Sy, indicating the interaction be-
tween Oy and Hg?>' was stronger than that between Sy and Hg?*.
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More interestingly, as the concentration of oxygen incorporation in- on oxygen-incorporated MoS, would reach equilibrium because of the
creased, charges transferred quickly, and then flatted might result from saturation of covalent bond property.

the saturation of covalent bond property. Meanwhile, Sy interacted

strong with Hg?" with the introduction of oxygen in MoS,. The results

demonstrated oxygen incorporated MoS, could enhance the interaction 4. Conclusions

between Hg®* and sulfur atom, and the capability of Hg®* adsorption
In summary, oxygen incorporation in MoS, was firstly achieved by
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Fig. 10. Milliken atomic charges changes of Hg“, Ow, Ou and Sy in systems of
Hg?" adsorption on different Oxygen-incorporated MoS,.

controlling the synthesized time, as decrease of the synthesized time,
the concentration of oxygen increased. Oxygen-incorporated MoS, ex-
hibited dramatical adsorption capacity of Hg?* on MoS,. After oxygen
concentration reached to 11%, oxygen-incorporated MoS, showed 17.3
times faster and 21 folds higher on the adsorption capacity compared
with MoS,. As the introduction in MoS,, affinity between Hg** and
MoS, was greatly improved. Thus hydrated Hg®* got closer to the
surface of MoS,, then bound with sulfur and oxygen atoms in MoS,.
Binding energy between Hg>* and sulfur atoms in MoS, could be en-
hanced when oxygen was incorporated in MoS,. The concentration of
oxygen in MoS, increased, ability of Hg®* adsorption on MoS, would
reach stabilization because of covalent bond property. This work will
broaden our vision to improve the removal of heavy ions in aqueous
solution by structural modulations.
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