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ABSTRACT: Recovery of rare earth elements (REEs) with
trace amount in environmental applications and nuclear energy
is becoming an increasingly urgent issue due to their
genotoxicity and important role in society. Here, highly efficient
recovery of low-concentration REEs from aqueous solutions by
an enhanced chemisorption and electrosorption process of
oxygen-doped molybdenum disulfide (O-doped MoS2) electro-
des is performed. All REEs could be extremely recovered
through a chemisorption and electrosorption coupling (CEC)
method, and sorption behaviors were related with their outer-
shell electrons. Light, medium, and heavy ((La(III), Gd(III),
and Y(III)) rare earth elements were chosen for further investigating the adsorption and recovery performances under low-
concentration conditions. Recovery of REEs could approach 100% under a low initial concentration condition where different
recovery behaviors occurred with variable chemisorption interactions between REEs and O-doped MoS2. Experimental and
theoretical results proved that doping O in MoS2 not only reduced the transfer resistance and improved the electrical double
layer thickness of ion storage but also enhanced the chemical interaction of REEs and MoS2. Various outer-shell electrons of
REEs performed different surficial chemisorption interactions with exposed sulfur and oxygen atoms of O-doped MoS2. Effects
of variants including environmental conditions and operating parameters, such as applied voltage, initial concentration, pH
condition, and electrode distance on adsorption capacity and recovery of REEs were examined to optimize the recovery
process in order to achieve an ideal selective recovery of REEs. The total desorption of REEs from the O-doped MoS2
electrode was realized within 120 min while the electrode demonstrated a good cycling performance. This work presented a
prospective way in establishing a CEC process with a two-dimensional metal sulfide electrode through structure engineering
for efficient recovery of REEs within a low concentration range.
KEYWORDS: Rare earth element recovery, Low concentration, Chemisorption and electrosorption, Electrical double layer,
O-doped MoS2 electrode

INTRODUCTION
Due to increasing demands in batteries,1,2 electronics,3 the
nuclear industry,4 and other vital fields,5 rare earth elements
(REEs) have been widely applied because of their distinctive
physical and chemical properties.6 Primary and secondary
resources, likes ores,7 manufacturing generated waste,8,9 and
materials based on REEs10,11 are important resources for REEs.
However, generated wastes and effluents during the extraction
process from most resources with a low level of REEs will
seriously contaminate the ecological environment and cause
damage to human health owing to their carcinogenicity and

genotoxicity.12,13 Therefore, there is an urgent need to recover
REEs in a low concentration range from aqueous solutions.
Until now, the main methods for separating and/or

recovering REEs from aqueous solutions have been chemical
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precipitation,14,15 ion exchange,16,17 solvent extraction,18−20

crystallization,21−23 and sorption.24−26 Although various
methods have been used for recovering REEs, these conven-
tional methods present several disadvantages like extreme
temperature requirements or high consumption of chemicals.
Among these strategies, sorption has been widely researched
thanks to its economics and environmental friendliness, as well
as effective properties. Plenty of materials including activated
carbon,27,28 natural materials functionalized with reactive
groups,29,30 algal resources,31 minerals,32,33 cryogels,34,35 and
modified resin microparticles26 have been adopted to recover
REEs including lanthanum (La), yttrium (Y), gadolinium
(Gd), neodymium (Nd), terbium (Tb), etc. Nevertheless, the
recovery of REEs is far from the full potential in low
concentration because of the lack of incentives and
technological constraints. Thus, it is of great necessity to
explore an efficient method to recover REEs for sustainable
development of the environment.
Electrosorption combining an adsorbate with electro-

chemistry in a system occurs with the application of electricity
during the adsorption process.36−38 In the electrolytic cell, a
potentiostat works as a current and voltage resource, and two
or more electrodes are connected to an external circuit.39 The
target ions will be first induced for immigration and then
overcome the electrostatic repulsion between electrodes and
mobile ions in the external electric field.40 The surface of the
material coated on the working electrode reacts with only one
type of the components in the electrolyte. Therefore, the
interaction between electrolyte and electrode is a chemisorp-
tion and electrosorption coupling (CEC) process, which is

beneficial for the removal or recovery of targeted ions from
solutions.
The CEC process strongly relies on materials with surficial

properties for efficient adsorption, and it can realize highly
recovery and selectivity with specific ions. It was proved to
have a great potential application advantage in heavy metal
ions41−43 like Cr3+, Cd2+, Pb2+, Ni2+, Co2+, Cu2+, and Fe3+.
Benefiting from its rich sulfur atoms in the structure,
molybdenum disulfide (MoS2)

44−48 has long been recognized
as an outperformer in the sorption of acid metal ions based on
the theory of hard and soft acids and bases such as Hg2+, Pb2+,
Cu2+, Zn2+, etc. Motivated by the electric performance of MoS2
as electrode as well as its earth abundance and nontoxicity, it is
timely to investigate whether it could be used as an electrode
in the recovery of REEs from aqueous solutions.
Due to the relevance of electrochemistry performance of an

electrode and its intrinsic conductivity, heteroatom doping has
emerged as a powerful tool to tune its electronic proper-
ties.49,50 The heteroatom doping strategies have been widely
applied in various fields51−54 including the hydrogen evolution
reaction, capacitive deionization, batteries, etc. It is reported
that charge transfer from incorporated atoms could modify the
electrical order, like charge density and conductivity. The
replacement of S atoms with O atoms would enhance the
interface characteristics in the application.55−57 Consequently,
great efforts should be devoted to the understanding of
electrochemistry performance of electrodes under the recovery
of REEs in low concentration from aqueous solutions.
Herein, we explored the recovery of REEs, especially La(III),

Gd(III), and Y(III), as representative REEs, ina low

Figure 1. (a) XRD spectra, (b) Raman patterns, (c) oxygen content and ratio of Mo−O bonds, and deconvoluted high-resolution XPS
spectra of (d) Mo 3d, (e) S 2p, and (f) O 1s of samples obtained at various synthesis temperatures. (g) TEM image, (h) HRTEM image, (i)
SAED pattern, and (j) TEM image and corresponding elemental mapping of O-doped MoS2.
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concentration range from aqueous solutions. Besides, more
insights were provided in the aforementioned issues on MoS2
as electrodes for the adsorption of targeted ions. The fact that
MoS2 with an S−Mo−S lamellar structure belonging to a
typical transition metal sulfide not only enables interaction
with REEs by rich S atoms but also permits the modulation of
chemical and electrical properties through facile heteroatom
doping. Considering the strong hydration of REEs, O atoms
were introduced into the structure of MoS2 to improve
hydrophilicity, interaction ability, and electrical properties. We
further applied a voltage on an MoS2 electrode to induce
immigration of REEs and overcome electrostatic repulsion
between surface and target ions in an external electric field.
The experimental studies on the CEC process via O-doped
MoS2 electrode showed efficient REE recovery performance,
consistent with our theoretical prediction. REE recovery
through a CEC process via an O-doped MoS2 electrode
revealed in this study deepens our understanding of the
interaction, immigration, and recovery mechanism of REEs on
transition-metal sulfides and helps to guide a thought for
recovering REEs in a low concentration range for green and
recyclable uses.

RESULTS AND DISCUSSION
Structural and Compositional Analysis. The crystalline

structure of obtained samples at various synthesis temperatures
(220, 210, 200, 190, 180, 170, and 160 °C) was characterized
via XRD (Figure 1a), in order to investigate the influence of
the synthesis temperature on structure of MoS2 and the
possibility of oxygen doping. Typical peaks located at around
14, 33, 39, and 59° were ascribed to diffractions of (002),

(100), (103), and (110) planes58 of 2H-MoS2 (JCPDS 37-
1492), respectively. Compared with the XRD result of MoO2
(Figure S1), no peaks for MoO2 appeared, indicating the
absence of MoO2. The lower synthesis temperature broadened
and shifted all the peaks to lower angle compared with the
synthesis temperature of 220 °C, indicating the decrease of
crystallinity.59 The inferior crystallinity of MoS2 might lead to
doping of oxygen atoms into the structure. The bond structure
of synthesized samples was determined by Raman spectra
(Figure 1b), where two dominant peaks at around 375 and 403
cm−1 corresponded to the in-plane E12g and out-of-plane A1g
vibrational modes of the Mo−S bond in hexagonal MoS2. In
contrast with S220, the intensity of E12g and A1g peaks
weakened, which was significantly correlated with a decreased
crystal degree. In addition, a decreased crystal degree would
shift and broaden E12g and A1g peaks. Beside E12g and A1g
modes, generated peaks at about 284 and 334 cm−1 could be
ascribed to the vibration modes of Mo−O bonds, demonstrat-
ing the oxygen doping with a decrease in synthesis temper-
ature.60 Peaks of the Mo−O bond in obtained samples were
different from those in MoO2 because of the different
structures of the two kinds of materials. The peaks that
appeared become more obvious with comparison of E12g and
A1g modes as the synthesis temperature was decreased,
suggesting an increase in oxygen dopant concentration. The
related oxygen atomic concentration from EDS results and
ratio of Mo−O bond from XPS results in Figure 1c verified
that the doping oxygen content increased as the synthesis
temperature dropped.
Atomic valence states and bonding configuration of obtained

samples were determined by XPS. Characteristic peaks of Mo

Figure 2. (a) Adsorption capacity and (b) recovery of La(III) on O-doped MoS2 at an initial concentration of 10 mg/L. (c) Recovery of
La(III) at various initial concentrations. High-resolution XPS spectra of (d) Mo 3d, (e) S 2p, (f) O 1s, and (g) La 3d after the recovery of
La(III). (h) TEM image and related elemental mapping: Mo, S, O, and La of O-doped MoS2 after the recovery of La(III).
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3d, S 2p and O 1s appeared in the survey (Figure S2). The Mo
3d spectrum (Figure 1d) was fitted to the doublet peaks at
∼228.3 and 231.4 eV, corresponding to Mo4+ in Mo−S bonds,
while the doublet peaks at ∼229.6 and 233.0 eV originated
from the Mo6+ peaks for oxygen-doped MoS2−xOx.

61 Peaks
affected by the generation of Mo−O bonds and decreased
crystallinity shifted. The S 2p spectrum (Figure 1e) was
divided into four sets of peaks, ∼162,5, 163.6, and 164.6 peaks,
belonging to S 2p3/2, 2p1/2, and S22−.62 The formation of S22−

peaks could be attributed to the O doping of MoS2.
63 In

addition, the shift of peaks was due to varying crystallinity. In
the O 1s spectrum (Figure 1f), the peak at ∼532.3 eV for S220
indicated adsorbed water.64 With a decreasing synthesis
temperature, the peak moved, and that situated at ∼530.2
eV was assigned to the Mo−O bond,65 confirming that oxygen
atoms were successfully incorporated into the structure of
MoS2.
With the aim of investigating the morphology of O-doped

MoS2, SEM-EDS (Figure S3) and TEM (Figure 1g) tests were
carried out. All the samples possessed the nanoflower
morphology with ultrathin nanosheets. Notably, the edges
became obscurer as the synthesis temperature decreased,
which suggested a lower crystallinity (in agreement with the
results of XRD and Raman). Elemental Mo, S, and O were
exhibited to be inert (Figure S3), indicating the existence of O
atoms. SEM and the corresponding EDS diagram of O-doped
MoS2 (Figure S4), as well as the proportions of Mo, S, and O,
showed the even distribution of all the elements and increased
oxygen content as the synthesis temperature was decreased.
Furthermore, structural characteristics of O-doped MoS2 were
researched according to HRTEM (Figure 1h). The distorted
areas as marked in green circles demonstrated the generation
of crystal defects, which would introduce the enhancement of
conductivity.66 A lattice fringe with a spacing of 0.625 nm
belonged to the (002) plane of MoS2. More crystal facets
originating from MoS2 were observed through a selected area
electron diffraction (SAED) test (Figure 1i). Further, the TEM
image and corresponding elemental mapping images (Figure
1j) of O-doped MoS2 confirmed the presence of Mo, S, and O
elements and the homogeneous distribution.

La(III) Recovery by CEC. The ability of an O-doped MoS2
electrode through a CEC process to recover REEs was
investigated. During the recovery process, O-doped MoS2 was
coated on a titanium plate as both the cathode and anode. As
seen in the digital images (Figure S5), the electrode after
recovery remained almost the same as that before use,
revealing the stable coating of samples on a titanium plate.
For comparison, the recovery abilities of electrodes with O-
doped MoS2 only as a cathode or anode or without O-doped
MoS2 electrodes were explored. The results displayed that O-
doped MoS2 as both cathode and anode performed the largest
REE recovery, which reached an adsorption capacity (Figure
2a) of 365.71 mg/(g dm2) and a corresponding recovery
(Figure 2b) of 91.43%. Adsorption capacity (or recovery)
using O-doped MoS2 as both electrodes was more than 5- and
11-folds than that using O-doped MoS2 as the cathode or
anode, respectively, demonstrating that both electrodes being
an O-doped MoS2 electrode would enhance the transfer of ions
in the solutions. The benefits of these dual-plate electrodes are
rapid diffusion of targeted ions into the trench and improved
specificity from two applied electrode potentials.67 O-doped
MoS2 served as one electrode (cathode or anode) to study the
recovery performance. Recovery by an O-doped MoS2 cathode
was higher than that of an O-doped MoS2 anode, since the
cathode was negatively charged, which benefited from the
adsorption of positively charged La(III) through an electro-
static interaction. For a titanium plate without O-doped MoS2,
the adsorption capacity and recovery were almost zero,
indicating that there was no interaction between targeted
ions and the substrate. Besides, the pseudo-first-order model
and the pseudo-second-order models were applied to study the
adsorption process, and corresponding fitting data are
exhibited in Table 1. The results showed that the adsorption
process was well fitted by two models, including physical and
chemical adsorption.
The La(III) recovery performance of at various initial

concentrations was measured, in order to study the
applicability (Figure 2c). As the increase initial concentration
was increased, the adsorption increased and then reached a
balance, while the recovery dropped with a concentration
higher than 5 mg/L, demonstrating saturation of recovery sites.

Table 1. Kinetic Parameters for La(III) Recovery

pseudo-first-order kinetic model pseudo-second-order kinetic model

qe (mg/(g·dm2)) k1 (min−1) R2 qe (mg/(g·dm2)) K2 (min−1) R2

both 315.4409 0.0110 0.966 370.6622 0.00003382 0.989
cathode 79.8523 0.0186 0.926 90.2004 0.00002590 0.972
anode 50.7445 0.0190 0.934 57.0419 0.00004261 0.978

Table 2. Comparison of La(III) Recovery in the Work with Previous Literature

material initial concentration (mg/L) adsorption capacity (mg/g) efficiency (mg/(g·min)) ref

Amberlite XAD-7 resin 200 7.342 0.041 68
Purolite S950 200 22.45 0.062 69
carbon nanotube 100 23.23 0.032 70
titanium oxide 100 12.31 0.035 71
activated carbon functionalized 50 10.14 0.051 72
[Zn(bim)2(bdc)]n MOF 25 8.85 0.051 73
Ca−alginate Beads 25 6.373 0.004 74
GO composite 25 3.292 0.022 75
Fe3O4/GNPs 10 3.84 0.032 76
CEC with O-doped MoS2 9.92 65.82 0.091 this work
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When the initial concentration was lower than 5 mg/L, an O-
doped MoS2 electrode could obtain a recovery of 100%. The
recovery was higher than 90% within a low concentration
range. In comparison with previous works, recovery efficiency
based on adsorption capacity and recovery time was
normalized, as displayed in Table 2, and this work exhibited
superior recovery ability. The recovery mechanism of O-doped
MoS2 by CEC was studied by XPS. After recovery, the peaks
for La(III) could be found in the survey spectrum (Figure S6).
Species of O-doped MoS2 existed in the electrode after La(III)
recovery by the CEC process (Figure 2d−f). The slight shift of
Mo 3d peaks for the anode might be attributed to oxidation
(Figure 2d), while the changes appearing in S 2p (Figure 2e)
and O 1s (Figure 2f) could be ascribed to the interaction
between S and O atoms with La(III). Moreover, the peaks
centered at ∼832.92, ∼851.8, and ∼856.9 eV for La 3d5/2 and
La 3d3/2 (Figure 2g) could be explained as the transfer of
electrons from S or O atoms to La(III), thus forming an La−S
or La−O coordination bond. All these results manifested that
the O atoms and S atoms were the dominant sites for
chemisorption of La(III). Apart from the above results about
the adsorption of La(III), TEM and related elemental mapping
of an O-doped MoS2 sample after La(III) recovery confirmed
the even distribution of Mo, S, O, and La (Figure 2h).
According to the results of HRTEM (Figure S7), the structure
of O-doped MoS2 after recovery was almost identical to its

prerecovery state. Therefore, La(III) could be successfully
recovered by O-doped MoS2 electrode through the CEC
process.
Effects of Environmental Conditions and Ion Storage.

MoS2 and O-doped MoS2 with various O doping concen-
trations as electrodes for La(III) recovery were investigated
(Figure 3a). Note that incorporation of O atoms into MoS2
strengthened the recovery of La(III), and the highest
adsorption capacity and recovery were almost 1.45 and 2.25
times higher than that of MoS2, respectively. The enhanced
recovery might occur from improved affinity between the
electrode with targeted ions and specific capacitance in the
electrical double layer. Compared with the MoO2 electrode,
the adsorption capacity and recovery using the O-doped MoS2
electrode were better. Because of the different crystal structures
of MoS2 and MoO2, MoS2 possessed better conductivity and
surface area with sulfur atoms. REEs could be efficiently
recovered through oxygen doping engineering on MoS2 to
improve electrochemical and chemical properties. La(III)
recovery was reduced, since doping an excessive amount of
oxygen atoms would weaken the specific capacitance for ion
adsorption, as proved in previous work.77 After that, the
charging voltage on the CEC process of recovery was
researched. Figure 3b presents the adsorption capacity and
recovery of La(III) at various applied voltages. Here, it could
be seen that La(III) recovery was enhanced quickly upon

Figure 3. (a) Adsorption capacity and recovery of La(III) on MoS2 and O-doped MoS2 with different O doping concentrations. Effect of (b)
charging voltage, (c) distance between two electrodes, and (d) pH on the CEC process of La(III) recovery. (e) Zeta potential of O-doped
MoS2 at various pHs. (f) Effect of the coexistence of ions on the recovery performance of La(III). (g) Schematic illustration of the electrical
double layer for the storage of ions and the interaction between the electrode and ions. (h) CV curves of MoS2 and O-doped MoS2 in 1 M
Na2SO4 solution. (i) EIS results of MoS2 and O-doped MoS2.
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applying the charging voltage and then tended to a stable stage,
indicating the occurrence of a strong electrostatic interaction at
the beginning and then reached saturation of adsorption sites
on the O-doped MoS2 electrode. The effect of distance
between two electrodes on La(III) recovery was employed
(Figure 3c). Adsorption capacity and recovery declined with
the increase of distance. At a greater distance, the resistance
between two electrodes was enhanced, and an electrical double
layer was induced. As a result, the adsorption capacity and
recovery ability were reduced. The influence of pH on La(III)
recovery was studied (Figure 3d). At a higher pH, a higher
La(III) recovery by the CEC process was achieved, which was
due to the less active sites occupied by H+. Apart from the
above variants, with an increase of pH, O-doped MoS2
possessed more negative charges, favoring the adsorption of
La(III) according to an electrostatic interaction (Figure 3e).
The balance of recovery was due to the saturation of active
sites. To evaluate the application of the CEC method with an
actual O-doped MoS2 electrode, recovery of La(III) was tested
in a binary mixed solution (Figure 3f). As could be found, the
adsorption capacity and recovery were minimally affected, and
ions with higher valence exhibited stronger competition with
La(III). In any event, the adsorption capacity and recovery
remained at a high level.
The CEC process for ion recovery (Figure 3g) is related to

the electrical double layer for storage of ions and interaction
between electrode and ions. Here, the electrochemical
performances of MoO2, MoS2, and O-doped MoS2 electrodes
were tested by CV in a 1 M Na2SO4 solution (Figure S8 and
Figure 3h). The results showed that MoS2 and O-doped MoS2
obtained a good capacitance property, and the capacitance first
increased and then decreased with the enhanced O doping

concentration. Among these materials, S180 exhibited the best
adsorption capacity. Better ion storage ability appeared on the
O-doped MoS2 electrode than that on the MoO2 electrode.
Further, the resistance of ion transfer was examined through an
EIS test (Figure 3i and Figure S9). The calculated charge-
transfer resistances (Rct) based on the circuit were 5.65, 3.10,
2.37, and 2.63 Ω for S160, S180, S200, and S220, respectively.
Compared with Rct of MoO2 at 76.56 Ω (Figure S9), all the
MoS2 and O-doped MoS2 electrodes had a lower ion transfer
ability. Moreover, it was revealed that the incorporation of O
atoms would reduce the ion transfer resistance, where S180
had the smallest charge transfer resistance among MoS2 and O-
doped MoS2 electrodes due to its good electric conductivity.
The improved contact resistance was attributed to formation of
an Mo−O bond with a lower Schottky barrier compared with
an Mo−S bond.78 After oxygen doping, the disordered
structure generated more active unsaturated sulfur atoms,
thus tuning the electronic structure.79 A decline of Rct from
S160 to S180 originated from the decreased disorder degree.
The above results demonstrated that O-doped MoS2 had a
better electrical double layer for ions storag and lower
resistance for an ion transfer.
Interaction in CEC Process. To account for the

interaction performance between La(III) and O-doped
MoS2, DFT was adopted to consider adsorption of La(III)
on different O doping concentrations of MoS2. First, MoS2 and
the possible structure of O-doped MoS2 were optimized
(Figure 4a−e). According to the related electron density maps
of O-doped MoS2 (Figure 4f,g) with different doping
concentrations, it was demonstrated that O atoms could
strongly bind with Mo atoms. The shift of doped atoms was
related to the atomic volume, and O shifted inward because of

Figure 4. Top views of the supercell models of (a) MoS2, (b) MoS2-O, (c) MoS2-2O(1), (d) MoS2-2O(2), and (e) MoS2-2O(3). Electron density
maps of (f) MoS2−O and (g) MoS2-2O. (h) Formation energy of MoS2 and O-doped MoS2. (i) Adsorption energy between La(III) and MoS2
(or O-doped MoS2). (j) PDOS of La(III), S, and O in the system of La(III) adsorption on O-doped MoS2. (k) Mulliken atomic charge
changes of La(III), S, and O in the system of La(III) adsorption on O-doped MoS2.
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the smaller volume compared with that of S.80 Besides, the
Mo−O bond length was shorter than that of Mo−S, which was
ascribed to the stronger electronegativity of O atoms. With
more O atom doping, the structure of O-doped MoS2 became
more distorted, consistent with the experimental results. The
formation energy was calculated to further investigate the
stability of O-doped MoS2 (Figure 4h). Negative formation
energy exhibited the possibility of a spontaneous reaction for O
doping. The highest absolute value of formation energy was
MoS2-2O(3) in MoS2 with two substituted S atoms by O atoms,
indicating its status as the most stable structure at this doping
concentration. In a subsequent adsorption study, MoS2-2O(3)
was utilized as the model for the incorporation of the doping of
two O atoms.
The calculated interaction energies of La(III) and MoS2

with and without O incorporation are displayed in Figure 4i.
The adsorption energy between La(III) and O-doped MoS2
was superior to that of MoS2. The adsorption energy was
enhanced with doping of more oxygen atoms, showing that the
incorporated O atoms had a strong interaction ability with
La(III). To figure out the reason for the decreased recovery at
high concentration, the adsorption energies between various
concentrations of La(III) and O-doped MoS2 were calculated
(Figure S10). The interaction between La(III) and O-doped
MoS2 was strengthened at first and then plateaued. As a
consequence, in a high-concentration situation, La(III)
recovery will decrease, but adsorption capacity was apt to
balance. In addition to this, there was repulsion among La(III)
because of electrostatic forces with the same positive charges.
With adsorption of more La(III), a stronger interaction
between targeted ions and electrodes should be considered.

Moreover, interacting orbitals of La(III) and S (or O atoms)
were used to further clarify the adsorption process (Figure 4j).
s, p, and d orbitals in La(III) bound strongly with S p and O s
and p orbitals, demonstrating the interaction between La and
S, O atoms. Compared with the results in MoS2 without
(Figure S11) and with a greater O doping concentration
(Figure S12) system, interaction between MoS2 and La(III)
was enhanced as more O atoms were introduced. Based on
Mulliken atomic charge changes (ΔQ) (Figure 4k), the charge
changes between La(III) and MoS2 (or O-doped MoS2) before
and after adsorption were calculated. Lost charges of La(III)
transferred to nearby S or O atoms, exhibiting the tough
interaction between La(III) and S or O atoms. To obtain an
insight into the adsorption sites of O and S atoms, the view
after adsorption is provided in Figure S13. The distance
between La(III) and O atoms was closer than that with an S
atom, illustrating a stronger interaction of La(III) and O
atoms, owing to greater electronegativity.81,82 The phenomen-
on was also demonstrated by the higher atomic charge transfer
of an O atom. Compared with the MoS2 system, the higher
positive charge of La(III) originated from the stronger
interaction than that in the O-doped MoS2 system. And the
promoted interaction in O-doped MoS2 was due to the
interaction between La(III) and O atoms. The above results
proved that the incorporation of oxygen atoms would
strengthen the chemical interaction of La(III) and MoS2.
Adsorption and Desorption Cycles. The reusability of

materials is crucial to the application of the CEC process.
Here, desorption of La(III) from O-doped MoS2 was
investigated using HCl and NH4Cl. It turned out that HCl
(Figure 5a) and NH4Cl (Figure 5c) could efficiently desorb

Figure 5. (a) Desorption of La(III) from an O-doped MoS2 electrode by HCl and (b) related recovery cycles. (c) Desorption of La(III) from
O-doped MoS2 electrode by NH4Cl and (d) related recovery cycles. (e) Color comparison of anode and cathode after desorption. (f) XRD
pattern and (g) Raman spectrum of O-doped MoS2 after desorption. (h) SEM images and corresponding elemental mapping: Mo, S, and O
of O-doped MoS2 after the desorption of La(III).
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La(III) from the O-doped MoS2 electrode. At approximately
60 min, the total desorption efficiency exceeded 90%. The total
desorption and corresponding desorption efficiency reached
almost 10 mg/L and 100% within 120 min, respectively.
Judging from the color of the desorption solutions (Figure 5e),
it changed from dark to light color for the desorption of the
cathode, which meant that the adsorption of La(III) was
mainly completed on the cathode, and the results were also
confirmed by the desorption efficiency. Subsequently, the
consecutive cycles of the O-doped MoS2 electrode using HCl
(Figure 5b) and NH4Cl (Figure 5d) for desorption were
studied. During the repeated experiment, small amounts of the
samples were dropped in all solutions, resulting in a decreased
recovery performance. With an increase in the adsorption and
desorption cycles, the adsorption capacity and recovery
dropped, demonstrating that the desorption would destroy
the active sites of O-doped MoS2. Besides, the results proved
that the interaction between La(III) and O-doped MoS2 could
be attributed to physical and chemical sorption. However, the

adsorption and desorption cycle performance using NH4Cl was
better than that by HCl, originating from the instability of
MoS2 in acid solution. After adsorption and desorption cycles,
the crystal structure (Figure 5f) and bonding component
(Figure 5g) of O-doped MoS2 were still consistent with those
before, indicating that the method to desorb La(III) from O-
doped MoS2 did not damage the whole structure. Moreover,
morphology and elemental distribution (Figure 5h) of O-
doped MoS2 were not destroyed, which exhibited the good
recyclability of the O-doped MoS2 electrode. The method
favorably contributed to a better understanding of the
desorption process and provided valuable guidance to the
recovery of REEs and reusability to achieve the actual
application.
Recovery of Other REEs. Furthermore, the performances

by O-doped MoS2 electrode in the CEC process for recovery
of other REEs were explored (Figure S14). It revealed that all
REEs could be recovered through an O-doped MoS2 electrode
in the CEC process, with good recovery. Different REE

Figure 6. Effect of pH, and voltage on (a, b) Gd(III) and (c, d) Y(III) recovery by an O-doped MoS2 electrode. Adsorption capacity and
recovery of (e) Gd(III) and (g) Y(III) at various initial concentrations. SEM and related elemental mapping of O-doped MoS2 electrode
after (f) Gd(III) and (h) Y(III) recovery. (i) Adsorption energy between Gd(III) (or Y(III)) and O-doped MoS2. (j) PDOS of Gd(III), S,
and O in the system of Gd(III) adsorption on O-doped MoS2. (k) PDOS of Y(III), S and O in the system of Y(III) adsorption on O-doped
MoS2. (l) Mulliken atomic charge changes of Gd(III) (or Y(III)), S and O in the system of Gd(III) (or Y(III)) adsorption on O-doped MoS2.
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recovery behaviors were related with their outer nuclear
electron shell and formation of ions in aqueous solutions.
Here, Gd(III) and Y(III) were chosen as medium and heavy
REEs to study more recovery behaviors using an O-doped
MoS2 electrode. The adsorption capacity of Gd(III) and Y(III)
in Figures S15 and S16 showed a similar increasing trend with
time compared with that of La(III). The pseudo-first-order
model and the pseudo-second-order models for fitting by O-
doped MoS2 and MoO2 electrodes are exhibited in Tables S1
and S2, respectively. This revealed that the adsorption
processes for Gd(III) and Y(III) were physical and chemical
adsorption. As well, adsorption capacity and recovery using O-
doped MoS2 were better than that by MoO2. Factors affecting
Gd(III) and Y(III) recovery including pH and voltage were
studied. As displayed in Figure 6a,c, the similar tendency of
recovery resulted from an enhanced electrostatic interaction of
La(III) and O-doped MoS2. For recovery under various
voltage values (Figure 6b,d), a higher electrostatic interaction
would be strengthened between electrode and REEs.
In Figure 6e,g, the results showed that adsorption capacities

of Gd(III) and Y(III) were 176 and 170 mg/(g dm2) at an
initial concentration of 5 mg/L, and related recoveries were
95.6% and 93.1%, respectively. With an increase in the initial
concentration, the adsorption capacity and recovery decreased,
resulting from the limited ion storage in the electrical double
layer. When the initial concentration was lower than 5 mg/L,
the recovery achieved 100%, which exhibited excellent
recovery of rare earth elements in the low concentration
range. According to the results of SEM and related elemental
mapping (Figure 6f,h), Gd(III) and Y(III) recoveries on the
surface of O-doped MoS2 electrode were demonstrated. In
comparison with previous works, as shown in Tables S3 and
S4, the Gd(III) and Y(III) recovery ability using the O-doped
MoS2 electrode was better.
To further verify the interaction between Gd(III), Y(III),

and doped MoS2, DFT was applied. The adsorption energy of
Y(III) and O-doped MoS2 was lower than that of Y(III) of O-
doped MoS2 (Figure 6i), and the binding energy with La(III)
(Figure 4i) was the lowest. The higher interaction
strengthened the recovery of REEs by the CEC process.
Besides, interaction of Gd(III) and Y(III) in high concen-
tration with O-doped MoS2 is given in Figures S17 and S18,
respectively. A similar phenomenon with enhancing and
balancing interaction was observed, originating from limited
adsorption sites. With the purpose of investigating the binding
orbitals between Gd(III) or Y(III) and O-doped MoS2, the
PDOS of Gd(III), Y(III), and nearby S and O atoms are
exhibited in Figure 6j,k. Whether it was La(III), Gd(III), or
Y(III), REEs could bind tightly with S and O atoms on the
surface of O-doped MoS2. Compared with Y(III) and La(III)
(Figure 4j), f orbitals in Gd(III) participated in the interaction
with S and O atoms, which enhanced the chemisorption of
Gd(III) to some extent. The more negatively charged O atom
in comparison to the S atom demonstrated that interactions
between Y(III) or Gd(III) with O atoms were stronger than
those with S atoms, which could be seen in the closer distance
of REEs and the O atom in Figure S13 as well. Moreover,
Mulliken atomic charge changes showed that REEs connect
with S and O atoms (Figure 6l), and Gd(III) bound to O-
doped MoS2 more strongly than Y(III). The greater force
between the S atoms may be attributed to the higher atomic
charge changes in Gd(III).

CONCLUSION
The recovery of REEs from aqueous solutions in low
concentrations based on the design of an O-doped MoS2
electrode was proposed. The CEC process with an O-doped
MoS2 electrode reached an REE recovery of ∼100% when the
initial concentration was at a certain value. A maximum
adsorption capacity of REEs of 365.71 mg/(g dm2) was
obtained. In a multicomponent solution, the adsorption
capacity and recovery were slightly affected. The parameters
of the CEC process, including pH, applied voltage, distance
between electrodes, and initial concentrations, were inves-
tigated in detail. The efficient recovery of REEs could be
attributed to the enhanced transfer rate and electrical double
layer thinness for REE storage. Further, the strong interaction
between doped O atoms and REEs helped strengthen the
chemical interaction. The REE recovery was impacted by
different binding forces between REEs and O-doped MoS2.
Apart from the above results, the desorption efficiency from
the O-doped MoS2 electrode reached ∼100% within 120 min,
and the electrode exhibited good stability. Therefore, this study
proposed a process to recover REEs from aqueous solutions
and could be used to shed some light on resource recycling and
environmental applications.

METHODS
Samples and Electrode Preparation. A hydrothermal treatment

was carried out using a 100 mL Teflon-lined stainless-steel autoclave
to synthesize MoS2 at 220 °C. Different O doping concentrations
were controlled by adjusting the synthesis temperature (200, 180, and
160 °C). 2 mmol of (NH4)6Mo7O24·4H2O and 60 mmol of CN2H4S
were dissolved in 72 mL of distilled water with stirring. After this, the
solution was transferred a 100 mL Teflon-lined stainless-steel
autoclave at various temperatures for 24 h. Afterward, after cooling
to normal temperature, the products were collected by filtration and
washed using water and ethanol. Finally, they were dried by freeze-
drying at −60 °C in vacuum. The incorporation of O atoms into the
structure of MoS2 could be easily achieved by adjusting the
temperature (200, 180, and 160 °C) during the hydrothermal
process. The prepared samples were denoted as S220, S200, S180,
and S160 according to the variable temperature. Electrodes were
prepared through coating samples on the surface of titanium plates
(more details are provided in the Supporting Information).
Experimental Design. REE recovery experiments were per-

formed in a self-made cell with an external power supply, and a 200
mL solution with a certain REE concentration and pH was pumped at
a rate of 45 rpm through a peristaltic pump (YZ1515x, China). There
was no adjustment of the solution pH during the whole operation.
REE concentrations were measured using an Origin Aquamate 8000
UV−vis spectrophotometer (Lambda 750S). The test solution was
collected at predetermined time intervals from the cell, and the
corresponding recovery performances were evaluated via adsorption
capacity (Q) and recovery (R) as

=Q
C V C V

Am
t t0 0

(1)

= ×R
C C

C
100%t0

0 (2)

where C0 and Ct represent the REE concentrations at the initial and t
moments during the recovery operations, respectively (in mg/L), V0
and Vt are the volumes of REE solution at the initial and t moments
respectively (in L), A exhibited the effective surface area with samples
on the surface of the electrode (in dm2), and m is the mass of samples
used in the mixture of electrodes (in mg).
Simulations. Interaction between REEs and oxygen-doped MoS2

was calculated based on density functional theory calculations
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(DMol3 program). The exchange and correlation between electrons
were described by the Generalized Gradient Approximation (GGA)
formulated by Perdew−Burke−Ernzerhof (PBE). The cutoff energy
for auxiliary plane waves was set to 340 eV.The Brillouin zone was
sampled by 5 × 5 × 1 k-points for the optimization of the model. A
vacuum length of 20 Å was used to avoid the interaction between the
neighboring images. With the aim of investigating REE recovery
performance on O-doped MoS2 in high concentration, various
numbers of REEs (1, 2, 3, 4) werewas applied. The tability of O-
doped MoS2 was characterized according to the formation energies as

= +E E Eform doped pure S O (3)

where Eform is the formation energy, Edoped and Epure represent the total
energy of O-doped MoS2 and MoS2, respectively, and μS and μO are
the chemical potentials of S and O atoms, respectively.
The adsorption energy of La(III) on MoS2 (or O-doped MoS2)

was calculated as

= +E E E Eads adsorbent La(III) adsorbent La(III) (4)

in which Eads is the adsorption energy between La(III) and MoS2 (or
O-doped MoS2), Eadsorbent+La(III) is the total energy after adsorption of
La(III) on MoS2 (or O-doped MoS2), Eadsorbent is the energy of MoS2
(or O-doped MoS2), and ELa(III) is the energy of La(III).
Reusability. Desorption of La(III) from an O-doped MoS2

electrode was performed in 1 M HCl (or 1 M NH4Cl). The
desorption efficiency was calculated as

= ×D
C
C

100%d

0 (5)

In which Cd is the concentration of La(III) in HCl (or NH4Cl)
solution during the desorption process (in mg/L).
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Herbrüggen, T.; Abe, H.; Ohshima, T.; Isoya, J.; Du, J. F.;
Neumann, P.; Wrachtrup, J. Quantum Error Correction in a Solid-
State Hybrid Spin Register. Nature 2014, 506 (7487), 204−207.
(6) Förster, S. C.; Heinze, K.; Pandey, R. K.; Ng, D. K. P.; Torres,
T.; Dumoulin, F.; Fö, C. Photophysics and Photochemistry with
Earth-Abundant Metals − Fundamentals and Concepts. Chem. Soc.
Rev. 2020, 49 (4), 1057−1070.
(7) Borst, A. M.; Smith, M. P.; Finch, A. A.; Estrade, G.; Villanova-
de-Benavent, C.; Nason, P.; Marquis, E.; Horsburgh, N. J.;
Goodenough, K. M.; Xu, C.; Kynicky,́ J.; Geraki, K. Adsorption of
Rare Earth Elements in Regolith-Hosted Clay Deposits. Nat.
Commun. 2020, 11 (1), 1−15.
(8) Alonso, E.; Sherman, A. M.; Wallington, T. J.; Everson, M. P.;
Field, F. R.; Roth, R.; Kirchain, R. E. Evaluating Rare Earth Element
Availability: A Case with Revolutionary Demand from Clean
Technologies. Environ. Sci. Technol. 2012, 46 (6), 3406−3414.
(9) Fan, M. C.; Wozny, J.; Gong, J.; Kang, Y. Q.; Wang, X. S.;
Zhang, Z. X.; Zhou, G. M.; Zhao, Y.; Li, B. H.; Kang, F. Y. Lithium
Metal Recycling from Spent Lithium-Ion Batteries by Cathode
Overcharging Process. Rare Metals 2022, 41 (6), 1843−1850.
(10) Zheng, B.; Fan, J.; Chen, B.; Qin, X.; Wang, J.; Wang, F.; Deng,
R.; Liu, X. Rare-Earth Doping in Nanostructured Inorganic Materials.
Chem. Rev. 2022, 122 (6), 5519−5603.
(11) Bian, Y. Y.; Guo, S. Q.; Xu, Y. L.; Tang, K.; Lu, X. G.; Ding, W.
Z. Recovery of Rare Earth Elements from Permanent Magnet Scraps
by Pyrometallurgical Process. Rare Metals 2022, 41 (5), 1697−1702.
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