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Developing method for efficient lead(II) removal from aqueous solutions over a wide concentration range is
urgent but challenging. In this work, defective molybdenum disulfide (MoS5) was served as electrode coating to
capture lead(I) over a wide range from aqueous solution via chemisorption and electrosorption coupling (CEC)
process. The distinct adsorption behaviors of lead(II) on defective MoSy electrode were theoretically and
experimentally investigated. In a wide concentration range (1 ~ 100 mg/L), the removal efficiency of lead(II)
from aqueous solutions can be close to ~ 100 %. Adsorption capacities for lead(I) removal at initial concen-
tration of 8.37 and 18.71 mg/L were 64.99 and 159.98 mg/g, respectively. After applying voltage, adsorption
capacity and removal efficiency were enhanced almost 8 folds due to strengthened migration of ions, electro-
static interaction and electric double layer. Besides, lead(II) was completely desorbed from defective MoSy
electrode within 60 min, and defective MoS; electrode by CEC process maintained excellent regeneration ability
even after 10 cycles. Defective MoS; electrode has shown superior properties for lead(II) removal, such as (i)
great specific capacitance and (ii) low charge transfer resistance toward the enhanced adsorption capacity and
diffusion for lead(Il) in the electrical double layer, compared with MoS;. Extensive computations and charac-
terizations of defective MoS,-lead(Il) interaction demonstrated that the active unsaturated S sites were indis-
pensable for lead(Il) adsorption, which was beneficial for chemisorption. Based on the strong interaction with
lead(II), defective MoS;, electrode showed high-selectivity lead(II) adsorption with co-existence metal ions.
Overall, defective MoSy as electrode coating by CEC has a great potential for the practical application in
removing heavy metal ions from aquatic environment.

1. Introduction

Around the world, more challenges on water scarcity appears owing
to increasing water demand and pollution, which is driven by the
development of population and economics[1-3]. Considering the
discharge of heavy metal ions from industry and mining, the increasing
amount of heavy metal ions in aqueous solutions not only damages the
environment but also threatens human health[4-6]. Among the existed
heavy metal ions, lead(Il) is taken as the common heavy metal ion with
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carcinogenicity[7]. Although various technologies and measures,
including adsorption[8,9], chemical precipitation[10,11], electro-
adsorption[12], ion exchange[13,14], and membrane separation
[15,16] have been developed to remove lead(Il) from aqueous solutions,
they only have advantages in removing lead(II) from low or high con-
centration, which results in the difficult industrial application. There-
fore, it is vital to develop a mean to remove lead(II) over a wide
concentration rage from aqueous solutions.

Electrosorption is a burgeoning approach with superiority of high
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energy efficiency and low environmental impact[17], while it is difficult
to remove high concentrations of heavy metals. During the electro-
sorption process, two electrodes with a certain voltage are in parallel
and solution flows inside the cell[18]. Generally, the charged ions move
toward oppositely charged electrodes based on electric field and then be
adsorbed, achieving the removal of objective ions[19]. If only voltage
works in the process, the interaction between ions and electrodes is
weak, thus it isn’t efficient for removing high concentration of ions.
Herein, removal of heavy metal ions with high concentration using
electrosorption still remains a challenge.

Applying the materials on the surface of electrodes will enhance the
physical and chemical interaction between ions and electrodes[20]. The
ion removal ability depends on the electrical double layer, the affinity
between material and ions at the interface. MoS is a typically attractive
material with abundant intrinsic sulfur atoms as well as low cost, non-
toxicity, exhibiting great potential in heavy metal ions removal[21].
Based on the principle of hard and soft acids and bases (HSAB), sulfur
atoms in MoS; are favorable for interaction with heavy metal ions[22].
Some studies[23-27] have reported the application of MoS; for heavy
metal ions removal, such as mercury(Il), lead(II), cadmium(II), cobalt
(I1) and chromium(IV). However, the affinity between heavy metal ions
and MoS; still needs improvement for enhancing the driving force in
application of high concentration removal.

The key to solve this problem is to find a way that allows enhanced
chemisorption. It has been known that the adsorption of heavy metal
ions in aqueous solution using MoS; due to its sulfur-rich characteristics
and defects[28]. Besides, the chemical interaction between heavy metal
ions and defects is stronger than that between heavy metal ions and
intrinsic sulfur atoms. To the end, variety of defect-engineering strate-
gies, plasma bombardment[29], chemical etching[30], template syn-
thesis[31], solvothermal growth[32] and heteroatom doping[33] have
been investigated. Among these methods, solvothermal growth attracts
most attentions because of its easy operation and low cost [34].

Hence, defect-engineering was applied on MoS, in the work by
adjusting the amount of thiourea with the purpose of enhancing chem-
isorption during the adsorption process. The defective MoS; as a coating
was used in electrode for strengthening interaction between lead(1I) and
electrode, and not only electric filed force. During the process, combined
chemisorption and electrosorption will benefit the heavy metal ions
removal within a wide concentration range. Intrigued by the challenge,
CEC could further extend the horizon of applications for removal or
recovery of ions from aqueous solution. Defective MoS; is also expected
to be bestowed with strong harvesting in the application of water
treatment.

2. Methods
2.1. Reagents

Ammonium molybdate tetrahydrate ((NH4)¢Mo7024-4H50), thio-
urea (CN2H4S), lead(Il) nitrate (Pb(NOs)z), polytetrafluoroethylene
((C2F4)n), nitric acid (HNO3), sodium hydroxide (NaOH), sodium chlo-
ride (NaCl), potassium chloride (KCl), calcium chloride (CaCly), mag-
nesium chloride (MgCly), aluminum chloride hexahydrate
(AlCl3-6H50), and iron chloride (FeCl3) were all bought from Sinopharm
Chemical Reagent Co., Ltd., China. Deionized water (a resistivity of 18.2
MQ-cm) used in the experiment was produced though Millipore Super Q
system.

2.2. Preparation

The synthesis of defective MoS; was through a simple hydrothermal
way. Firstly, ammonium molybdate tetrahydrate ((NH4)gM07024-4H20)
and thiourea (CNyH4S) were added into 32 mL deionized water for
obtaining a homogeneous solution. Secondly, the solution was poured
into a 50 mL Teflon-lined stainless-steel autoclave and heated at 220°C
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for 18 h. Following, the container was cooled down to ambient tem-
perature and then the products were washed with deionized water and
ethanol. Finally, products were dried under —60°C in vacuum for 12 h.
Defective MoS; was prepared by adjusting the molar ratio of Mo and S
source (1:2, 1:3, 1:4 and 1:5) via a hydrothermal route, and the corre-
sponding obtained samples were named as MoSs, D-MoS»-1, D-MoS5-2
and D-MoS,-3.

2.3. Lead(Il) removal experiments

The lead(Il) removal electrode was fabricated through painting
mixture including prepared samples (80 mg), conductive carbon black
and polytetrafluoroethylene (mass ratio was 8:1:1) on rectangle tita-
nium plate. Removal experiments were carried out in the device with an
external power supply as shown in Fig. S1. 200 mL lead(II) solution with
a certain concentration and pH was circulated at the rate of 45 rpm in
the cell based on a peristatic pump (YZ1515x). Removal results were
evaluated by adsorption capacity (Q) and removal (R) as follows:

GV -qY,
- m

Q €8]

R=59C 100 @
Co

Where Cy and C; were the lead(II) concentration at the initial and t
moment during the lead(II) removal experiment, respectively, mg/L; V
and V, represented volume of the solution at beginning and t moment,
respectively, L; m meant the mass of samples used in the electrode, mg.

2.4. Reusability

The desorption of lead(Il) in defective MoS; electrode was carried
out by weakening the interaction between lead(II) and defective MoS.
During the process, defective MoS; electrode was set as anode in the 0.2
M NayEDTA solution with 200 mL volume. The desorption efficiency
was calculated as follows:

\%
D, = CaVa 1009 3)
GV

Where C; was the lead(II) concentration in NagEDTA solution during the
lead(II) desorption experiment, mg/L; V,; exhibited the volume of
desorption solution, mL; V meant the initial volume of removal
experiment.

2.5. Characterizations

Crystal structure information was obtained by X-ray diffraction
(XRD, D8 Advance, Bruker AXS, Germany) using Cu-Ka radiation. Par-
ticle size distribution of samples were analyzed by a Malvern Mastersizer
2000 (Malvern, England). Microstructures and corresponding energy
dispersive spectra (EDS) were collected on scanning electron microscope
(SEM, Phenom ProX G6, Netherlands) and transmission electron mi-
croscope (TEM, JEM-F200, Japan). Inductively coupled plasma-optical
emission spectrometry (ICP-OES, Prodigy 7, America) was used to
detect the chemical component analysis. Raman spectra were performed
on an INVIA Raman microscope with an Ar laser (Renishaw, England).
Chemical element state was done by X-ray photoelectron spectroscopy
(XPS, Thermo Scientific ESCALAB Xi+, America). Electrochemical ex-
periments including cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were detected by a three-electrode system
(VersaSTAT-450, PAR, U.S.A), and more information could be seen in
the Section S1 of Supporting Information.
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2.6. Density functional theory calculation

The interaction between lead(II) and defective MoS, was calculated
using first principles calculation, which was performed by DMol3 pro-
gram. The parameters for calculations were shown in the Supporting
Information as Section S2. With the aim of studying stable configura-
tions for defects, lack of a single atom and two atoms (Mo or S atom) in
MoS; were considered, and as exhibited in Fig. 1a-h. In the Fig. 1a-d, the
models were MoS, with Mo defects, and the blank part in an orange
circle meant Mo vacancy. As for the configurations in Fig. 1le-h, they
were MoS; with S defects, and the color of S atom in the orange circle is
lighter than that in other part due to the loss of one upper S atom. Before
calculating the interaction between lead(II) and defective MoS,, the
stability of defective MoS, was evaluated via the formation energy, as
shown bellowed:

Ef = Edective — ‘pure + Ny, + mikg (4)

In which E; was the formation energy; Egeciive and Epre displayed the total
energy of defective MoSz and MoSy, respectively; u,,, and yg represented
the chemical potentials of Mo and S, respectively; n and m were the
vacancy numbers of Mo and S atoms, respectively.

Based on the calculation, the results were showed in Table S1. The
formation energy of defective MoS; with S or Mo atom vacancy is pos-
itive, indicating that the formation of defective MoS, needs energy.
Further, the formation energy of defective MoS, with S vacancy is lower
than that with Mo atom vacancy, which displayed that the S vacancy is
easier to form. Through the formation energies, the stable configurations
of defective MoS, with one and two vacancies (Mo or S atoms) were
selected for the calculation between lead(II) and defective MoS,, and the
corresponding electron density maps were showed in Fig. 1i-m. From the
results, it demonstrated that Mo atoms could bind well with S atoms in
all the defective structure.

M 82-28(2)
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3. Results and discussion
3.1. Structure and morphology analysis

The structure of the materials was determined by XRD (Fig. 2a).
Intensive diffraction peaks at 13.91°, 33.31°, 39.44° and 59.02° that can
be attributed to (002), (100), (103) and (110) of 2H MoS, (JCPDS
37-1492), respectively[35]. MoS; exhibited best crystallinity among the
samples, while the diffraction peak strength decreased as the import of
defects, which indicated that excessive of S atoms will weaken the
crystallinity. When defects were introduced into structure, the atom
interferometer direction was weakened. There aren’t any other peaks,
expressing that the change of dosage about Mo and S sources doesn’t
affect the structure of MoS,. Raman spectroscopy was used for qualita-
tively evaluating the crystallinity and the degree of defects in MoS5[36],
and the corresponding results are displayed in Fig. 2b. The peaks located
at 378.05 and 403.76 cm™! can be ascribed to the E%g and A vibration
of MoS;. The Eég mode means vibration mode of binding layer between
Mo and S atoms, while A;; mode corresponds to the out-of-plane vi-
bration of S atoms[37]. The peaks at E%g vibration of defective MoS,
shifted to lower wavenumbers compared with MoS,, demonstrating the
formation of defects[38]. Furthermore, the smaller peak intensity ratio
of E%g and Ajg, the higher edge exposure [39]. From the Fig. S2, it
showed that the Eﬁg/Alg value decreased and then balanced with
increased dosage of S source, which suggested that more defects
occurred. Due to the stability of crystal structure, the number of defects
in MoS; are limited. The quantitative data from Raman analyses of MoSy
and defective MoSy was further confirmed by ICP test (Fig. 2c). Molar
ratio of S and Mo increased, suggesting S atoms were enriched for
defective MoS,. The above defects could generate more active unsatu-
rated atoms, and strongly affecting the electronic structure, which in
turn improve the activity of active sites and the final properties[40].

The particle size distribution and morphologies of samples were

082'2M0(] )

1.00
| 0.75 ‘ Mo
0.50

5% o

Fig. 1. The atomic configurations of defective MoS, with one or two vacancies: (a-d) Mo or (e-h) S atoms. Electron density maps of (i) MoS, and the stable con-
figurations of defective MoS, with one atom or two vacancies: (j, k) Mo or (I, m) S atoms.
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Fig. 2. (a) XRD patterns, (b) Raman spectra and (c) Molar ratio of S and Mo in ICP results of MoS, and defective MoS,. (d) HRTEM image of defective MoS,. Typical
defects observed in orange circles and the interlayer distance of nanosheets. (e) Crystal facets of defective MoS,. (f-g) TEM images and corresponding elemental
mapping of defective MoS,. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

characterized via Mastersizer, SEM and TEM. In Fig. S3, particle size at
the Dgg (particle size at 90 % cumulative undersize) became smaller as
more sulfur source was introduced. It might be resulted from the hy-
drophobic agglomeration of MoS, with strong hydrophobic property.
The results indicated that all the samples were in similar size distribu-
tion. From Fig. S4a-d, the SEM images of the synthesized samples dis-
played similar flower-like nanosheet morphology, which suggested that
the dosage of S atoms didn’t affect much on the morphology. TEM image
(Fig. 2f) further confirmed that the nanosheets were uniformly distrib-
uted. Under the HRTEM observation, typical crystal lattices with spacing
of 0.59 nm of defective MoS; is shown in Fig. 2d, which belonged to the
(002) planes of MoS,. The slightly alterative interlayer distance
compared with the normal value (0.62-0.65 nm) maybe induced by the
lattice distortion. The abundance of distorted areas in the synthesized
defective MoSy marked by orange circles, is the evidence of disordered
atomic arrangements or broken lamellar structures realized by excess of
sulfur sources[41], which demonstrated the occurrence of defects. Other
crystal facets belonging to (101) and (110) of MoS; appeared in SAED
result (Fig. 2e). The homogeneous distribution of Mo and S throughout
nanosheets the whole flower-like structure is demonstrated by the
elemental mapping analysis in Fig. 2g-i and Fig. S4e-g. The existence of
microscopic O element (Fig. 2j) was introduced through distortion of
MoS,, resulting from excess dosages of S atoms.

To further investigate the chemical component and prove the exis-
tence of defects in the structure of defective MoS;, XPS measurements
were carried out. The survey XPS in Fig. S5a confirmed the existence of

Mo, S and O atoms. The peaks located at ~ 229.50, ~232.58 and ~
226.70 eV are Mo 3ds/3, Mo 3ds,» and S 2 s in the 2H phase MoSs,
respectively[42] (Fig. S5b). Furthermore, the deconvolution of Mo 3d
peaks at 228.30 and 233.30 eV represented 1 T phase MoS,, benefiting
the transfer of electrons[43]. In Fig. S5c, two obvious peaks at ~ 162.50
and ~ 163.60 eV are attributed to the 2ps,, and 2p;,, peaks for the
binding energy of S% chemical state in MoSy[44]. Particularly, an
additional peak was found in ~ 164.00 eV, which suggested the pres-
ence of defects in accordant with previous works[45]. The presence of O
1 s at ~ 532.21 eV was the evidence for —OH originated from the
distortion[46] (Fig. S5d). The above consequences confirmed that the
successful preparation of defective MoS,.

3.2. Removal kinetics

The ability of defective MoS; electrode to removal lead(II) from
aqueous solutions through CEC was explored as exhibited in Fig. 3.
Apparently, compared the removal results between the electrode with
and without samples as shown in Fig. 3a, b, no adsorption reaction
appeared on titanium plate. Rapid removal of lead(II) happened by
defective MoS; electrode under the low (8.37 mg/L) and high concen-
tration (18.71 mg/L) in a short time. Subsequently, as time elapsed, the
removal rate reached a plateau due to the saturated adsorption. The
defective MoS; electrodes could reach close to 99.9 % removal efficiency
of lead(Il) in both low and high concentration at about 1240 min
(Fig. 3b). For comprehensively expounding the adsorption process, two



W. Zhan et al. Separation and Purification Technology 329 (2024) 125183
20 F
a ! Pseudo-first-order kinetics model b 100 — 400 b
Pseudo-second-order kinetics model
i) W D-Mo$,-3 (Low concentration) /" -
_Q:_L D-MaS,-3 (High c(m:c:yﬂ/‘” 5r 300 -
E: 80 - A Titanium plate ;: . z
2 = " S
2 E] 2
g z S0r » g 2000 2
g 5 = D-MoS,-3 (Low concentration) g T
2 I~ - K R B=]
= 25 ™ D-MoS,-3 (High concentration) &
s 25 ‘ c L
= s A Titanium plate 3 100 = Adsorption capacity
< = Removal
0 e S S — o — N A 0 . . . .
0 350 700 1050 1400 0 350 700 1050 1400 0 20 40 60 80 100
Time (min) Time (min) Concentration (mg/L)
V3 ] "
d Mo 3d Mo 3d e 5::'./’5: S2p f O1s PbS Pb 4f
A f g S
I i _ AN PbS A
- - i ; / \ -~
3 wotsa, [ | Z A g / \ [
~ | — - I s / \ - 1
z ‘\ | = S2pia | “‘ z / \ = ‘! \
E | g L & / \ Z f
Z . [ 2 / \ 5 [
E| | [ Y = / 5 f \
T/ \\ [l sa Ja \ / L / \
M\ ! \ p N X
sl WA 1 X% &\ \, — ™ \

164 162
Binding energy (eV)

234 232 230 228 226

Binding energy (eV)

236 224 168 166 160

536 144

534 532 530

3 142
Binding energy (eV)

Binding energy (eV)

Fig. 3. Removal kinetics of lead(II) on defective MoS,: (a) Adsorption capacity, (b) Removal. (c) Adsorption capacity and removal of lead(II) as a function of initial
concentration. High-resolution XPS spectra of (d) Mo 3d, (e) S 2p, (f) O 1 s and (g) Pb 4f of defective MoS; after lead(II) removal. (h) SEM image and corresponding
EDS element distribution mapping: (i) Mo, (j) S, (k) O and (1) Pb of defective MoS, after lead(II) removal.

typical kinetic models, the pseudo-first-order model and the pseudo-
second-order model were utilized to fit the experimental data and the
corresponding fitting parameters were summarized in Table 1. It can be
evidently seen that the whole adsorption process was well depicted by
the two models with advisable correlation coefficients, which exhibited
that the lead(II) removal on defective MoS; was dominant by multiple
interactions including physical and chemical adsorption. In low con-
centration, linear regression coefficients R?) in pseudo-first-order ki-
netic model (0.9963) was lower than that in pseudo-second-order
kinetic model (0.9979), while on the contrary in high concentration. The
results demonstrated that physical interaction was lightly stronger than
chemical interaction in low concentration, but oppositely happened in
high concentration. Furthermore, Elovich model (Fig. S6) and intra-
particle diffusion model (Fig. S7) were used to fit the experimental data
to study ion diffusion and adsorption mechanism, and related parame-
ters were shown in Table 2. Elovich model was applied for researching
the solutes removal from liquid solution. R? of 0.9479 and 0.9559 in low
and high concentration displayed the unsuitability of this model.
Diffusive mass transfer was expressed by interparticle diffusion model.
Intraparticle curve didn’t pass through the origin, and R? for all the
concentration was poor, exhibiting that other mechanism like pseudo
first or second order kinetic model except intraparticle diffusion play
role in lead(II) removal[47,48]. Accordingly, the theoretical maximum

Table 1

Table 2
Parameters of Elovich model and intraparticle diffusion model.

Elovich Intraparticle diffusion
Concentration p (mg/ o ((mg-g~* R? K; (mg-g~! R?
(mg/L) 2) -min~ 1) -min~1/?)
8.37 9.5007  0.006095 0.9479  1.4874 0.9946
18.71 21.5096 0.002158 0.9559 3.4099 0.9906

adsorption capacities of lead(II) onto defective MoS, were calculated to
be 64.99 and 159.98 mg/g in low and high concentration, respectively,
which were evidently higher than that in previous works at the similar
initial concentration as displayed in Table 3. During the removal pro-
cess, the Mo concentration was detected for investigating the stability of
defective MoS; electrode (Fig. S8). Little dissolution of Mo demonstrated
that electrode had good stability for use. To explore the practical
application of the method, defective MoS; electrode was used to test the
adsorption capacity and removal efficiency of lead(Il) in a wide con-
centration range, from 1 to 100 mg/L (Fig. 3c). The removal efficiency of
lead(I) reached ~ 100 % within a wide concentration range. as the
increase of initial concentration, the adsorption capacity increased,
exhibiting that the defective MoS; electrode possessed rich adsorption

Kinetic parameters for lead(II) removal of psuodo-first-order model and pseudo-second-order morel.

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

Concentration (mg/L) Qe (mg/g) k; (min~1) R? qe (mg/g) Ko (min~1) R?
8.37 48.09 0.002 0.9963 64.99 0.000032 0.9979
18.71 113.93 0.00188 0.9990 159.98 0.000009 0.9987
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Table 3
Comparison of the adsorption capacity in the work with others reported in literatures.
Adsorbents Initial concentration Adsorption Dosage (mg) Temperature References
(mg/L) capacity “C)
(mg/g)
CuS- Activated Carbon 9 33.00 9 Room [51]
SnS-Activated Carbon 15 48.50 20 Room [48]
Activated carbon 100 21.80 325 Room [52]
Iron oxide 95 10.00 100 25 [53]
g-C3Ny 10 65.60 2 25 [71
HCl-treated Egyptian kaolin 100 34.50 100 25 [54]
KNTs 100 89.00 50 30 [55]
MoS, microflowers 100 99.10 50 25 [56]
CEC with 8.37 64.99 36 Room This work
defective MoS, 18.71 159.98

sites for lead(II). This result indicated that the good performance was
achieved by defective MoS; electrode in a wide concentration range.

To gain insight into the removal mechanism, XPS analysis was
employed to identify and elucidate the intrinsic interaction between
lead(1I) and defective MoS,. From the survey spectrum (Fig. S9), the
characteristic peaks of lead(II) was found. Peaks in the spectra of Mo 3d
and O 1 s (Fig. 3d and 3f) were similar with that in the structure of
defective MoS; before lead(II) removal. For S 2p spectrum (Fig. 3e), after
loading with lead(II), shifts of ~ 0.2 eV for peaks to a lower energy can
be observed. These shifts indicated the formation of affinity between
lead(II) and S atoms on defective MoS3[49]. Fig. 3g shows the Pb 4f
spectrum of defective MoS; after lead(I) removal, the lead(Il) binding
energies were centered at 138.9 and 143.7 eV for Pb 4f;,, and Pb 4f5 5,
respectively, confirming the strong interactions between S atoms and
lead(I1)[50]. According to the SEM image (Fig. 3h), defective MoS; after
lead(II) removal maintained original characteristic morphology. The
related EDS element distribution mapping (Fig. 3i-1) showed that the
evenly distribution of Mo, S, O and Pb, indicating that the adsorption of
lead(II) on the surface of defective MoS,.

3.3. Removal performance of electrodes and environmental conditions

In order to investigate the effect of defective degree on removal
performance, MoS; and defective MoS, were used as electrode to study
adsorption capacity and removal of lead(Il) in aqueous solutions at
1240 min (Fig. 4a). The adsorption capacity and removal by MoS,
electrode were only ~ 19 mg/g and ~ 20 %, respectively. After the
introduction of defects, the adsorption capacity and removal were
obviously enhanced. As more sulfur atom resources added in the syn-
thesized materials, the adsorption capacity and removal enhanced and
then tend to balance, which related with the defective concentration
(demonstrated in Raman and ICP results). The phenomenon clarified
that the defects markedly facilitated the lead(I) removal during CEC.
For instance, the adsorption capacity and removal by D-MoS»-2 elec-
trode were ~ 98 mg/g and ~ 99 %, respectively, which was almost 5
times than that using MoS,.

The lead(II) removal performances affected by the distance of elec-
trodes, voltage, pH were considered. As displayed in Fig. 4b, the
adsorption capacity and removal under various distance between anode
and cathode were almost the same, expressing that the distance didn’t
affect much on the lead(Il) removal. Generally, the lead(II) removal
process in aqueous solutions was dominant by electrostatic and chemical
interaction, and the electrostatic interaction was related with the
applied voltage on electrodes[57]. Hence, the removal behaviors of lead
(I) toward defective MoS; under the condition of different voltage were
investigated. In Fig. 4c, the adsorption capacity and removal for lead(II)
increased when the voltage was presented. Apparently, the removal
effects increased and then tended to stabilize, which is due to the lead(II)
removal on defective MoS; reached saturation. In the CEC process, the
electrostatic interaction between lead(II) and electrodes was enhanced.
The solution pH could have a substantial influence on the ability of

defective MoSy on lead(I) removal. pH ranging from 1.0 to 6.0 was
investigated on the influence of lead(II) removal, as displayed in Fig. 4d,
because lead(II) will precipitate[58] when pH is above 6.0 (Fig. S5).
With the increase of pH, the adsorption capacity and removal of lead(II)
in the solution were significantly enhanced, which was due to the
competition of large number of H'. The defective MoS» by CEC showed
excellent lead(II) removal in a wide pH range (2 ~ 4), the removal closed
to 100 % and the adsorption capacity up to 150 mg/g. One reason for the
enhanced removal performance could be the increase of electrostatic
interaction between lead(II) and electrodes, as displayed in Fig. 4e.
While pH of solution not only influenced the surface potential of elec-
trodes, but also changed the species of lead(II). When pH value was more
than 4, the adsorption capacity and removal decreased might due to the
generation of PbO, (Fig. S10), which would affect the active sites.
Cationic was the most competitive ion for lead(II) removal in actual
wastewater ([59]). Thus, the lead(II) removal efficiency in a binary-
component solution (Nat, K*, Ca?*, Mg%*, cd®*, AI** and Fe>") was
tested (Fig. 4f). The lead(II) removal could reach higher than ~ 90 % in
the 20 mg/L for each metal ions. In addition, competition removal
experiment in a mixing system was performed in Fig. S11, and it showed
that CEC process with defective MoS; electrode had a good adsorption
selectivity. The high selectivity was resulted from the strong interaction
between lead(Il) and defective MoS;, and the low hydration energy of
lead(II)[60].

3.4. Reusability

The reusability of electrodes and desorption mechanism were stud-
ied. The desorption of lead(II) was realized through changing defective
MoS; electrode as anode in 0.2 M NayEDTA solution. Through applying
defective MoS; electrode after adsorption as anode, lead(II) would be
repulsed according to the electrostatic interaction. Meanwhile, the
NazEDTA solution weakened the interaction between lead(Il) and
defective MoS,[50]. As time elapsed, the desorption efficiency increased
sharply, and it realized almost 100 % within 60 min (Fig. 5a). Then, the
consecutive adsorption and desorption cycles were performed to eval-
uate the reusability of defective MoS; electrode. As displayed in Fig. 5b,
the regenerated defective MoS; electrode could be reused 10 times, and
the removal kept almost higher than 95 %. The original crystal structure,
flower-like morphology and elemental distribution still maintained
almost same as before after the regeneration of defective MoS electrode
for many times, as determined by Raman detection (Fig. 5¢) and SEM-
EDS test (Fig. 5d), respectively. This indicated that desorption would
not affect much on the structure and morphology of defective MoSy
electrode. In conclusion, the CEC method with defective MoS, electrode
could be applied in practical water treatment.

3.5. Mechanism of lead(Il) capture

The excellent lead(Il) capture performance of defective MoS, was
attributed to its chemisorption and electrosorption processes. To
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precisely investigate the contributions of electric double layer, electro-
chemical performances of electrodes were conducted on the adsorption
capacities[61]. The CV curves of MoS; and defective MoS; showed near-
rectangular shapes (Fig. 6a), exhibiting the typical behaviors of electric
double layer capacitance. Besides, as the introduction of defects, larger
area of CV curve appeared, higher specific capacitance, which was
beneficial for the adsorption of ions. CV curves of defective MoS; were
recorded at various scan rates (Fig. 6b), and a good rectangular shape
could be kept even at high scan rate, suggesting that lead(II) had enough
time to diffuse and go through the structure of defective MoS,. EIS was
performed on the research of the intrinsic resistance of MoS; and
defective MoS, (Fig. 6¢). Compared defective MoS; with MoS,, the
semicircle in Nyquist plots was smaller, revealing a decrease of the
charge transfer resistance when defects appeared. Moreover, the resis-
tance was smallest in D-MoS,-3, which was better for ions transport
during the lead(II) removal process. Thus, after the generation of de-
fects, increasing specific capacitance and lowing charge transfer

resistance leaded to improve electrochemical performance, which
improved electrosorption process of lead(II).

To better understand the phenomenon of interaction between lead
(II) and defective MoS,, the effects of Mo vacancy, S vacancy and
defective degree on lead(II) removal performances were recorded based
on DFT. From Fig. 6d-f, the charge overlap phenomenon could be
obviously observed for both lead(II) and coordinated S atoms in the
system of MoS; and defective MoS;, which meant the formation of a
chemical bond between lead(II) and S atoms[62]. The interaction be-
tween lead(I) and unsaturated S atoms was stronger than that in lead(II)
with saturated S atoms. Compared with Fig. 6e and 6f, the S atoms with
more unsaturated content in the presence of Mo vacancy bound tighter
with lead(Il) than that in the presence of S vacancy, which was also
proved in the results of interaction energy (Fig. 6g). With more defective
degrees, as displayed in Fig. 6g, the interaction energy between lead(II)
and MoS; will be obviously enhanced. To further distinguish the phe-
nomenon of bonding nature, partial density of state (PDOS) analysis was
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performed (Fig. 6h). It was clearly shown that the contribution of the
DOS of lead(I) was mainly by 6p? orbital. The bonding between Pb,
orbital and S, in MoS; with Mo vacancy was stronger than that in the
presence of S vacancy. When S atoms were more unsaturated, it showed
higher reactivity in the bonding process with more empty orbitals.
Milliken atomic charges analysis (Fig. 6i) further indicated that lead(II)
contributed electrons to S atoms in MoS, and defective MoS,, and more
electrons were transferred in MoS; with Mo and S vacancy. In the
presence of Mo vacancy, more electrons will be lost in S atoms to nearby
Mo atoms and lead(II), which meant there is a competition between Mo
atoms and lead(II) with S atoms. Additionally, Mo atoms contributed
less electrons in MoS; with S vacancy compared that in MoS;, demon-
strating that lead(II) exhibited a stronger affinity with S atoms than Mo
atoms with S atoms. S atoms in MoS, with S vacancy gained less charge
electrons than that in MoS,, which was due to the average distraction of
charge electrons in lead(II) as showed in Fig. 6b. The lead(II) was in the
center of unsaturated atoms, and the distance was farer away from than
that in MoS, and MoS; with Mo vacancy.

4. Conclusions

In summary, an efficient lead(II) removal from aqueous solutions
over a wide concentration range through CEC via defective MoS; elec-
trode was originally demonstrated. The removal efficiency of lead(Il) in
low and high concentration (1 ~ 100 mg/L) was close to 100 %. Lead(II)
could be totally removed from defective MoS electrode in 60 min, and
the defective MoS; electrode owned super removal ability even after 10
circles. Defective MoS;, electrode has exhibited superior properties
compared with MoS,, such as (i) higher specific capacitance, (ii) lower
charge transfer resistance and (iii) stronger interaction with lead(Il),
which enhanced the electrosorption and chemisorption. DFT calcula-
tions confirmed that unsaturated S atoms were the active adsorption site
and responsible for the lead(II) binding. These evidences suggest that the

electrochemical system equipped with the CEC could be an easy and
efficient way for the removal of heavy metal ions in the future.
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