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A B S T R A C T

Separation and recovery of trace gadolinium(III) from rare earth elements (REEs) with similar properties is 
increasingly crucial for renewable energy resources and sustainable development. This study proposed a method 
to regulate the chemisorption activity of gadolinium(III) using defects-rich molybdenum disulfide (DR-MoS2) 
electrodes, enabling the separation and recovery of gadolinium(III) from aqueous solutions. Lanthanum(III), 
gadolinium(III), and yttrium(III), representing light, medium, and heavy REEs respectively, were selected to 
investigate their adsorption behaviors of on MoS2 and DR-MoS2 electrodes at low concentrations. Experiments 
and simulation results verified distinct adsorption behaviors of REEs on MoS2, influenced by their out-shell 
electron binding capabilities. Interestingly, gadolinium(III) exhibited a unique interaction where its f orbitals 
strongly interacted with p orbitals of unsaturated sulfur atoms, unlike the other REEs, facilitating effective 
separation and recovery of gadolinium(III). Furthermore, increased binding affinity enhanced the electric double 
layer capacity (EDLC) and reduced electrons immigration resistance. Consequently, DR-MoS2 electrodes ach
ieved 100% recovery of trace gadolinium(III) recovery with high separation efficiency. Hopefully, strongest 
lanthanum(III) interaction with unsaturated Mo atoms was expected to realize lanthanum(III) separation and 
recovery. This study presented a promising approach to selectively recover target REEs from similar elements 
through modulating the chemisorption.

1. Introduction

Gadolinium (Gd) [1–3] is one of the rare earth elements (REEs) 
found within the lanthanide series, naturally occurring in the trivalent 
state. It presents unique properties of magnetic moment [4], attraction 
to thermal neutrons, thus being widely applied in neutron absorbers 
[5–7], magnetic resonance imaging [8–10], magnetic storage [11,12], 
and other vital fields [13]. Because of its trace amount in applications, 
Gd bypasses waste water treatment plants and be released into aquatic 
environments [14–16], while the toxicity characteristic brings threat to 
human [17]. The appearance of Gd blocks transfer of calcium(II) inside 
the body since similar ionic radius [18]. Herein, the recovery of trace 

amounts of Gd from aquatic solutions is becoming increasingly 
necessary.

Conventional techniques employed for separation or recovery of 
REEs include ion extraction [19–21], ion-exchange [22–24], chemical 
precipitation [25–27], and sorption [28–30] methods. Most of these 
methods suffer from high costs, as well as high chemical and energy 
consumption [31–33]. Even though sorption possesses the advantages of 
economics and environmental friendliness, there is still a long way to 
achieve efficient separation and recovery of Gd. Therefore, it is timely to 
explore an approach to separate and recover Gd to support the global 
green development goals.

Electrosorption [34–36] is a sorption process that involves ions 
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migrating in an electrolyte, interacting with the adsorbate, and being 
stored in electric double layer (EDL) under the influence of external 
electricity. Generated electric field is prone to facilitate the ions in 
aqueous solutions to immigrate to oppositely charged electrode, and 
being beneficial for targeted ions to overcome the electrostatic repulsion 
to interact with electrodes [37–39]. It has been demonstrated to be 
advantageous for the adsorption of metal ions such as lead(II) [40–42], 
copper(II) [43–45], nickel(II) [46–48], chromium [49–51], and others 
[52].

Considering that the interaction force between guest materials and 
target ions plays a crucial role in sorption, selecting suitable electrode 
materials that can strongly interact with Gd holds promise for achieving 
efficient separation and recovery. Molybdenum disulfide (MoS2) with a 
sandwich structure of S-Mo-S is recognized as a potential electrode for 
REEs recovery through chemisorption and electrosorption coupling 
(CEC) process [53]. However, achieving selective adsorption is chal
lenging due to the similar properties of REEs.

In view of the largest number of unpaired electrons in Gd among 
REEs, the configuration extra-nuclear electrons of Gd differs from that of 
others. According to valence bond theory, unsaturated S atoms have 
more lone pairs of electrons, which is favorable to bind with Gd. It is 
reported that MoS2 with unsaturated S atoms show the great potential 
application merits in heavy metals. For instance, in our previous study, 
we engineered sulfur defects in MoS2 primarily to enhance Pb2+

adsorption, where sulfur vacancies acted as dominant active sites for 
strong chemisorption of heavy metals [54]. Therefore, significant efforts 
are required to comprehend the separation and recovery of trace Gd 
from aqueous solutions using defects-rich MoS2 electrodes.

Here, we propose the use of defects-rich MoS2 (DR-MoS2) electrodes 
achieved by controlling the ratio of S and Mo sources for the separation 
and recovery of Gd(III). Titanium plates were selected as substrates due 
to their excellent corrosion resistance, high electrical conductivity, and 
good mechanical stability [55]. These properties make titanium plates 
suitable for serving as stable conductive substrates for electrode prep
aration, especially under harsh electrochemical conditions. DR-MoS2 
was coated on the surface of titanium plate to induce Gd immigration 
and overcome electrostatic repulsion between material interface and 
target ions. La(III), Gd(III), and Y(III) as respectively represented light, 
medium, and heavy REEs were chosen for studying the sorption be
haviors of REEs on DR-MoS2 electrodes. The experimental results on Gd 
separation and recovery revealed efficient recovery performances via 
DR-MoS2 electrodes, which was consistent with our prediction. Gd(III) 
recovery though adjusting the interaction between materials and target 
on a CEC process in the work helps to guide a thought for targeted trace 
REEs recovery.

2. Reagents and methods

2.1. Reagents

Lanthanum nitrate hexahydrate (LaN3O9⋅6H2O, 99.9 %), gadolinium 
nitrate hexahydrate (GdN3O9⋅6H2O, 99.9 %), and yttrium nitrate 
hexahydrate (YN3O9⋅6H2O, 99.9 %) were bought from Aladdin Co., 
China. Conductive carbon black was originated from the Cabot Corpo
ration. Ammonium molybdate tetrahydrate ((NH4)6Mo7O24⋅4H2O), 
thiourea (CN2H4S), hydrochloric acid (HCl), nitric acid (HNO3), sodium 
hydroxide (NaOH), Polytetrafluoroethylene ((C2F4)n), ammonium 
chloride (NH4Cl), and sodium sulfate (Na2SO4) were purchased from 
Sinopharm Chemical Reagent Co., Ltd., China. Deionized water (18.2 
MΩ cm) produced by Millipore Super Q system was throughout the 
whole experiment.

2.2. Samples preparation

Synthesis of DR-MoS2 was done via adjusting the ratio of Mo and S 
sources (1:2, 1:3, 1:4, and 1:5) in the hydrothermal route. Mo 

((NH4)6Mo7O24⋅4H2O) and S (CN2H4S) sources were dissolved in 72 mL 
distilled water by stirring. Later, the solution was transferred into a 100 
mL Teflon-lined stainless-steel autoclave at 220 ◦C for 18 h. After 
cooling down to room temperature, the obtained products were washed 
with pure water and ethanol. Lastly, the black products were dried at 
− 60 ◦C in vacuum environment for 12 h. The obtained samples were 
named as MoS2, DR1-MoS2, DR2-MoS2, and DR3-MoS2 according to 
various ratio of Mo and S sources.

2.3. Electrodes fabrication

DR-MoS2 was coated on the surface of titanium plate to fabricate 
electrode. The mixture including 80 mg DR-MoS2, 10 mg conductive 
carbon black, and 0.8 mL polyvinylidene fluoride was grinded in sap
phire mortar. After, the samples were coated on surface of titanium plate 
and heated at 60 ◦C for 3 h to remove excess organic reagents. In the end, 
the prepared electrodes were immerged in pure water for 12 h, then 
being dried for 6 h at 60 ◦C.

2.4. REEs recovery

La(III), Gd(III), and Y(III) were respectively chosen as light, medium, 
and heavy REEs to study the REEs recovery behaviors on DR-MoS2 
electrodes. The recovery experiments were carried out in a self-made 
cell with an external applied voltage of 0.8 V. 200 mL REEs solution 
with pH of 5 was recycled with rate of 45 rpm by a peristaltic pump. 
Reacting after a certain time, the solution extracted from the cell was 
detected using UV–Vis spectrophotometer (Aquamate 8000, Lambda 
750S). Firstly, a certain amount of REEs was dissolved in a 100 mL 
volumetric flask to obtain a 2000 mg/L standard solution. Subsequently, 
various concentrations of REEs solutions were prepared by mixing with 
2 mL arsenazo III (0.5 g/L) in a 25 mL colorimetric tube. The method 
offers simplicity and rapid detection with acceptable sensitivity for in
dividual REEs solution. Related recovery performances were assessed by 
adsorption capacity (Q) and recovery (R) as following equations: 

Q =
C0V0 − CtVt

Am
(1) 

R =
C0 − Ct

C0
(2) 

where C0 and Ct respectively mean REEs concentration at the beginning 
and t moments in the recovery process, mg/L, V0 and Vt respectively 
represent the volumes of reaction solution at the beginning and t mo
ments, L, A is surface area for coated samples on titanium plate, dm2, 
and m stands for the mass of samples in the coating mixture, mg.

2.5. Gd(III) separation

According to the various sorption behaviors of REEs on DR-MoS2 
electrodes, trace Gd(III) separation from the other two kind of REEs (La 
(III), and Y(III)) was performed. Specifically, the mixture including La 
(III), Gd(III), and Y(III) at 1 mg/L each at pH of 5 was applied on 
studying Gd(III) separation recovery by DR-MoS2 electrodes with 
external applied voltage of 0.8 V. The concentration of all REEs was 
analyzed by inductively coupled plasma-optical emission spectrometry 
(ICP-OES, Prodigy 7, America). ICP-OES was selected for its high 
sensitivity, broad dynamic range, and capability to simultaneously 
detect multiple elements with good accuracy and precision. Its detection 
limits (approximately 0.5–1 µg/L for Gd(III), Y(III), and La(III)) are 
sufficient for evaluating the adsorption and separation performance of 
the DR-MoS2 electrodes. Separation coefficient of Gd(III) (SGd(III)/REE) 
was calculated as below equations: 

DREE = (
C0 − Ct

Ct
) × (

Vt

Vsrp
) (3) 
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SGd(III)/REE =
DGd(III)

DREE
(4) 

where D is the distribution ration, Vsrp represents the volume in 
desorption aqueous solutions, mL.

2.6. Gd(III) desorption

To reveal the adsorbed amount on DR-MoS2 electrodes, Gd(III) 
desorption was performed in 1 M NH4Cl or 1 M HCl solution with 200 
mL volume for 2 h. The desorption efficiency was calculated as: 

De =
Cd

C0
(5) 

where Cd is the concentration of Gd(III) in the solution in HCl or NH4Cl 
during the desorption process, mg/L.

2.7. Interaction simulations

With the aim of understanding selective Gd(III) sorption from mixed 
REEs solutions, simulations for interaction of La(III), Gd(III), and Y(III) 
on the interface of DR-MoS2 through density functional theory were 
calculated (DMol3 program). The Generalized Gradient Approximation 
(GGA) together with Perdew-Bruke-Ernzerhof (PBE) was used for 
describing exchange and correlation between electrons. The electron 
relaxation with 10− 5 eV and energy cutoff with 320 eV were set for 
auxiliary plane waves. Applying vacuum with 20 Å length was to avoid 
the interaction with neighboring images. Adsorption energy of REEs 
(Eads) on DR-MoS2 was calculated as: 

Eads = EREE+DR− MoS2 − EDR− MoS2− EREE (6) 

where EREE+DR− MoS2 represents the total energy after interaction, 
EDR− MoS2 is the energy of DR-MoS2, and EREE is the energy of REE.

2.8. AFM measurement

The adsorption process of Gd(III) on surface of MoS2 with edge de
fects was observed by the atomic force microscope (AFM, Bruker 
Multimode 8 system, Billerica). MoS2 sample was directly cut into a bulk 
with fresh surface and used owing to its natural property of sandwich- 
like structure. Gd(III) solution with 10 mg/L was dropped on the 
freshly exposed surface of MoS2 with edge defects. After being reacted at 
a certain time, the residual solution was removed by filter paper. AFM 
was performed on observing the morphology after drying.

2.9. Electrochemical test

Electrochemical characteristics containing cyclic voltammetry (CV) 
and electrochemical impedance spectroscopy (EIS) were detected with a 
conventional three-electrode cell in the REEs solution through electro
chemical workstation (VersaSTAT-450, RAR, America). Three elec
trodes contained working electrode with samples, counter electrode 
with platinum, and reference electrode with a standard calomel. Prep
aration of working electrode (samples, conductive carbon black, and 
polytetrafluoroethylene) was via the same procedure applied in recov
ery experiment.

2.10. Material characterization

Crystal structure was obtained through X-ray diffraction (XRD) with 
Cu-Kα radiation (D8 Advance, Bruker AXS, Germany). Morphology was 
characterized through scanning electron microscopy (SEM, Phenom 
ProX G6, Netherlands) and transmission electron microscopy (TEM, 
JEM-F200, Japan). Elemental state information was gained through X- 
ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, 

America). Raman (INVIA, Renishaw, England) was conducted on testing 
atomic bond structure.

3. Results and discussion

3.1. Phase and morphology

DR-MoS2 was produced by one-pot thermal synthesis using our 
previously reported method [54]. Samples were prepared by adjusting 
the ratio of Mo and S sources, and there were more unsaturated S atoms 
in the structure of MoS2 when higher of S resource concentration than 
Mo resource concentration in the reaction atmosphere. Fig. 1a showed 
the structure of samples provided by XRD patterns. Peaks of character
istic diffraction at 14◦, 33◦, 39◦, and 58◦ were respectively indexed to 
(002), (100), (103), and (110) plane of 2H-MoS2 (JCPDS 37–1492) [56]. 
Shape of the peaks kept unchanged, while being little weakened in atom 
interferometer direction, expressing that the microstructure was well 
preserved. To gain deeper insights about defects in the structure of 
MoS2, we performed Raman spectra measurement (Fig. 1b) on the 
samples. As could be seen, the two peaks were attributed to binding 
layer between Mo and S atoms (E1

2g mode) and out-of-plane vibration of 
S atoms (A1g mode) [57]. Shift of peaks to lower wavenumbers sug
gested the occurrence of defects when more S sources in synthesis pro
cess were added. Further, peak intensity ratio of E1

2g and A1g declined as 
higher dosage of sources (Fig. 1c), demonstrating the existence of more 
exposure defects with unsaturated S atoms [58]. Additionally, ICP 
analysis (Fig. S1) provided quantitative evidence of defect modulation, 
showing that the molar ratio of S to Mo increased as the S source con
centration was elevated. By precisely tuning the ratio of Mo and S 
sources, it is possible to effectively regulate defect concentration and 
optimize the MoS2’s functional properties.

To identify the morphology, TEM and HRTEM images of DR-MoS2 
were taken and shown in Fig. 1d, e. Nanosheets with ultrathin edges 
were uniformly distributed, and (002) and (101) crystal facets of MoS2 
were found through selected area electron diffraction (SAED) result. 
Slightly alterative interlayer distance compared to normal value (Fig. 1f) 
exhibited the presence of lattice distortion. As marked in origine circles 
and the height profile of fringe, the lamellar structures appeared broken 
due to the defects. EDS mapping (Fig. 1g) further displayed the homo
geneous distribution of Mo and S elements across the samples, while a 
weak existence of O, resulting from MoS2 distortion. These observations 
confirm that DR-MoS2 was successfully synthesized by regulating the Mo 
and S sources rations.

3.2. REEs sorption behaviors and electrodes reusability

Given the interaction between REEs and DR-MoS2, REEs sorption on 
MoS2 and DR-MoS2 electrodes via CEC process was investigated. Fig. 2a 
and 2b clearly indicated that the adsorption capacity and recovery of Gd 
(III) on MoS2 and DR-MoS2 were highest, and Y(III) took second place, 
which was related with the binding ability between REEs and electrodes. 
As introducing more defects into the structure of MoS2, adsorption ca
pacity and recovery of REEs were all enhanced, verifying that defective 
structure was beneficial for interaction with REEs. Interestingly, the 
recovery ability of Gd(III) was mostly obvious because the largest 
number of unpaired electrons in Gd(III) would strongly interact with 
unsaturated S atoms in MoS2. DR-MoS2 electrodes were applied to 
determine the adsorption kinetics of La(III), Gd(III), and Y(III). Upon 
applying a fixed external voltage, REEs adsorption capacity quickly 
increased and then tended to be stable by a gradual increased time, 
suggesting the gradual saturation of ions sorption on DR-MoS2 elec
trodes. Additionally, it was apparent that the adsorption capacity of 
REEs followed the order of Gd(III)>Y(III)>La(III), which might be 
relevant to interaction between outer atomic orbital of REEs and DR- 
MoS2.

The data was analyzed using the pseudo first and second order 
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models as denoted respectively by following equations. 

qt = qe × [1 − exp( − k1t) ] (7) 

qt =
t

(
t

qe

)

+ ( 1
k2q2

e
)

(8) 

where qe and qt were adsorption capacity at equilibrium and t moment, 
respectively, min, k1 and k2 represented the rate constants for first and 
second order models, respectively, min− 1.

Data fitted well with the model, and the fitting parameters were 
obtained in Fig. 2c and Table S1. The proposed models aligned closely 
with the experimental data, providing a solid description of REEs 
adsorption, despite slight deviations in simulating adsorption for all 
REEs. Both models fitted the La(III) adsorption process well, while 
pseudo-second-order model dominated for Gd(III) and Y(III) adsorption. 
Specially it is noted that the adsorption capacity of REEs follows the 
order of Gd(III) > Y(III) > La(III), which might be related to the inter
action ability of the outer atomic orbitals between REEs and DR-MoS2. 
The maximum adsorption capacity of Gd(III) was found to be 299.32 
mg/(g⋅dm2) under the conditions of electrodes-distance of 3 mm and 
initial concentration of 10 mg/L. This highlights the significance of 
strong chemical interactions in Gd(III) recovery.

To further explore DR-MoS2 electrode performance, adsorption ca
pacity and recovery of La(III), Gd(III), and Y(III) at different initial 
concentrations were investigated (Fig. 2d-f). Results showed adsorption 
capacity increased with concentration, while recovery slightly dropped 
for La(III) and Y(III) due to the saturated active sites. Gd(III) recovery 
remained almost 100 % under the conditions of concentrations from 0.1 
to 5 mg/L and electrodes-distance of 3 mm. Compared with previous 

studies on Gd(III) recovery (Table S2), our material and method show 
remarkable advantages. Fig. 2g-i presented SEM and EDS patterns after 
recovery, indicating REEs adsorption without altering DR-MoS2’s 
morphology. These differences suggest the potential to separate Gd(III) 
from La(III) and Y(III), which share similar properties.

To assess the cyclic stability of the DR-MoS2 electrodes, we per
formed desorption of Gd(III) using HCl (Fig. S2) and NH4Cl (Fig. S3) for 
2 h. Both reagents effectively desorbed Gd(III), achieving complete 
desorption in the first cycle. However, the DR-MoS2 electrodes treated 
with NH4Cl exhibited better cyclic performance compared to that 
treated with HCl, possibly because HCl can deteriorate the active sites of 
DR-MoS2. Nevertheless, repeated use of NH4Cl for desorption may 
gradually compromise the electrode’s adhesion and structural integrity, 
resulting in a decrease in Gd(III) recovery. The above results indicate 
that for further industrial application, it is necessary to improve the 
adhesion of the coated electrodes and enhance the stability of the 
electrode materials.

3.3. Optimization experiments and Gd(III) separation

Generally, operation parameters including electrodes-distance, so
lution pH, and applied voltage were researched on Gd(III) recovery 
performances. Appropriate electrodes-distance (Fig. 3a) operated in 
favor of recovery. Short electrodes-distance decelerated the flow of re
action solutions, while long electrodes-distance weakened the immi
gration of target ions in solutions. Adsorption capacity and recovery of 
Gd(III) as a function of pH medium was given in Fig. 3b. According to 
the figure, the adsorption was enhanced up to pH of 5, and then being 
declined as higher than 5. pH influenced metal ions adsorption either by 
causing the variation of adsorption sites or by altering the charged 

Fig. 1. Structure and morphology characterization of samples prepared with various concentrations of S and Mo sources in synthesis process. (a) XRD patterns, (b) 
Raman spectra, and (c) ratio of E1

2g and A1g intensity. (d) TEM, and (e, f) HRTEM images of DR-MoS2, insert picture in e and f were SAED image and height profile of 
fringe, respectively. (g) TEM and corresponding EDS mapping of DR-MoS2.
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species of ions. Upon the increasement of pH, deprotonation of DR-MoS2 
increased, thus to push up number of interacted sites. As for decreased 
adsorption under high pH value, the changeable species of Gd(III) with 
more hydration molecules would lessen the interaction with DR-MoS2. 
Effects of applied voltage on the CEC process of Gd(III) recovery was 
investigated (Fig. 3c). It was noted that adsorption capacity and recov
ery were significantly improved at a certain mini charging voltage. 
External electric field caused by voltage facilitated the immigration of 
ions toward electrodes, thus enhancing the recovery performances. Be
sides, the charged electrodes were beneficial for the interaction of Gd 
(III). However, when the applied voltage was increased to 1.2 V, 
noticeable hydrogen evolution began to occur due to the water elec
trolysis process. This is because the applied voltage exceeded the water 
splitting threshold, resulting in the formation of hydrogen gas at the 
electrode surface. At 1.6 V, hydrogen evolution became even more 
pronounced, leading to a significant reduction in the recovery due to 
electrode surface coverage by gas bubbles and competition of active 
sites.

Evaluating Gd(III) separation performances from La(III) and Y(III) 
was necessary for the application of CEC method with DR-MoS2 elec
trodes in REEs separation. The experiment was performed in a mixture 
solutions including La(III), Gd(III), and Y(III). Related separation co
efficients of Gd(III) with two REEs were calculated and exhibited in 
Fig. 3d. Gd(III) separation coefficient from Y(III) (8.35) was higher than 
that from La(III) (7.48), demonstrating the competition of Gd(III) and Y 
(III) on reactive sites for chemisorption. Due to the higher charge density 
and stronger interaction affinity of Gd(III) with DR-MoS2 electrodes, Gd 
(III) more effectively excludes Y(III) from adsorption sites, resulting in 
higher separation coefficient. Compared with previous studies on the 
separation coefficients of Gd(III) from La(III) and Y(III) reported in the 
literature (Table S3), our material and method demonstrate significant 

advantages. XPS analysis was conducted to obtain further information 
on the surficial interaction of REES and DR-MoS2. The survey scan 
(Fig. 3e) revealed that DR-MoS2 was composed of three elements, i.e., 
Mo, S, and O. After REEs recovery, there appeared three new peaks of La, 
Gd, and Y elements, demonstrating the adsorption of La(III), Gd(III), and 
Y(III) on DR-MoS2 electrodes (also be verified in SEM-EDS results of DR- 
MoS2 electrodes after REEs recovery as seen in Fig. 3f). From Fig. 3g, it 
was observed that the Mo 3d spectra were deconvoluted into four species 
peaks. Peaks at ~ 231.9 and 228.8 eV were attributed to IVMo, which 
was assigned to Mo-S bonds in MoS2 [59]. The doublet peaks at ~ 234.9 
and 229.9 eV corresponded to the VIMo for the distortion of MoS2. The 
other peaks at ~ 232.9 and 230.8 eV indicated the existence of 1 T phase 
MoS2, which would be induced by the generation of edges. Referring to 
the S 2p spectra (Fig. 3h), the characteristic peaks at ~ 162.8 and 161.6 
eV were belonging to S2− in MoS2, while peak at ~ 163.4 eV originated 
from S2

2− owing to introduction of defects in the structure [60,61]. In the 
spectra of O 1s (Fig. 3i), the divided peaks at ~ 531.6 and 533.2 eV were 
ascribed to adsorbed water and MoS2− xOx, respectively [62]. Compared 
with the peaks of Mo, S, and O elements in DR-MoS2 before recovery, the 
peaks apparently shifted to higher binding energy, which confirmed the 
strong interaction of REEs with DR-MoS2.

3.4. Competitive Gd(III) capture

The electrochemical performances of MoS2 and DR-MoS2 electrodes 
were tested by cyclic voltammetry (CV) and EIS in Gd(III) solution. 
Obviously, there were no redox peaks in CV plots (Fig. 4a), and all the 
curves displayed analogous rectangular patterns, which revealed 
happen of typical electric double layer capacitor form. The enclosed area 
was positively correlated with electric double layer capacity (EDLC). By 
introducing more defects into the structure of MoS2, corresponding 

Fig. 2. (a) Adsorption capacity, and (b) corresponding recovery of La(III), Gd(III), and Y(III) on MoS2 and DR-MoS2 electrodes. (c) Adsorption kinetics of La(III), Gd 
(III), and Y(III) on DR-MoS2 electrodes. (d) Gd(III), (e) La(III), and (f) Y(III) adsorption capacity and corresponding recovery at various initial concentrations on DR- 
MoS2 electrodes. SEM and corresponding EDS pattern of DR-MoS2 electrodes after (g) La(III), (h) Gd(III), and (i) Y(III) recovery.
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EDLC gradually increased, demonstrating that rich defects was in favor 
of Gd(III) adsorption. Compared with DR-MoS2 electrode in La(III) and Y 
(III) solutions (Fig. S4), highest EDLC performance in Gd(III) solution 
suggested a strong ability in Gd(III) separation and recovery from other 
REEs using DR-MoS2 electrode, which was consistent with the separa
tion results (Fig. 3d). Moreover, EIS tests of MoS2 and DR-MoS2 elec
trodes were conducted to examine the resistance of ion immigration, as 
shown in Fig. 4b. Higher radius of semicircle represented greater ion 
immigration resistance. It was clear that DR-MoS2 electrode possessed a 
lower ion immigration resistance in comparison with MoS2, and more 
defects facilitated the immigration. As the defect concentration in
creases, the contact resistance decreases, enhancing the electronic 
conductivity of MoS2. The improved contact resistance is attributed to 
the formation of defects with a lower Schottky barrier compared to 
pristine MoS2. This is primarily because the defects provide additional 
active sites and create favorable pathways for electron migration, 
thereby promoting rapid charge transfer between the electrode surface 
and the electrolyte. What’s more, strongest ion immigration ability of 
DR-MoS2 electrode in Gd(III) solution, compared with EIS results of DR- 
MoS2 electrode in La(III) and Y(III) solution (Fig. S5), strengthening Gd 
(III) recovery in REEs solutions. To verify Gd(III) adsorption on defects 
of MoS2, AFM was applied to investigate MoS2 with edge defects after 
being exposed to Gd(III) solution. The presence of defects in the AFM 
images was confirmed by measuring the thickness difference along the 
grey lines in Fig. 4c between two ends. As shown in Fig. S6, a thickness 
difference of approximately 100 pm was observed, indicating the pres
ence of “edges” associated with defect sites. It was worth noticing that 
Gd(III) tended to interact the edge of DR-MoS2. The adsorption layer 
thickness was around 143 pm, might be ascribed to the multilayer 
adsorption.

For the purpose of studying competitive Gd(III) adsorption on DR- 
MoS2, DFT was performed to research the interaction of La(III), Gd(III), 
and Y(III) with MoS2 and DR-MoS2. Initially, possible structure of MoS2 
(Fig. S7a) and DR-MoS2 with one S (Fig. S7b) (or Mo, Fig. S7c) atom loss 
as cycled in dotted line were optimized. Then, La(III), Gd(III), and Y(III) 
adsorption on the surface of three possible structure were calculated. 
After calculation, the balanced structures for adsorption from top and 
side views were provided in Fig. S8 and 4d-f. Closest distance of Y(III) 
rather than La(III) and Gd(III) to the surface of MoS2, indicating stron
gest interaction of Y(III) with MoS2. As for the surface of MoS2-S, La(III) 
bound most tightly among the three REEs due to the attraction of un
saturated Mo atom. Interestingly, the interaction behaviors of REEs on 
the surface of MoS2-Mo were different from the other two surfaces, and 
Gd(III) was most strongly adsorbed. Various REEs adsorption behaviors 
on MoS2 and DR-MoS2 were demonstrated via adsorption energy 
(Fig. 4g and Table S4). There were little differences in the adsorption of 
three REEs on MoS2. Gd(III) and Y(III) interaction on the surface of 
MoS2-Mo worked the best, while strong interaction of La(III) happened 
on the surface of MoS2-S. From the data presented, it is evident that 
unsaturated S defects (MoS2-Mo) exhibit significantly higher adsorption 
energies for Gd3+ compared to compared to Y3+ and La3+, confirming 
the preferential adsorption of Gd3+ on DR-MoS2. To reveal which 
binding atoms dominated the interaction, Mulliken atomic charge 
changes were performed to investigate La, Gd, Y, S and Mo atoms 
(Fig. 4h). As displayed, great force between REEs and MoS2 (or DR- 
MoS2) resulted from atomic charge changes in Mo and S atoms. The total 
lost charges in Mo and S atoms for three REEs were similar, but various 
REEs gained different distributed charges owing to the diverse interac
tion. In the sorption of MoS2-Mo, Gd(III) exhibited the most efficient 
charge transfer capability during the interaction. Further, the binding 

Fig. 3. Effect of operational parameters on Gd(III) recovery via DR-MoS2 electrodes: (a) electrodes-distance, (b) solution pH, and (c) applied voltage. (d) Separation 
coefficient of Gd(III) in the mixture solution with La(III), Gd(III), and Y(III). XPS spectra: (e) survey spectra, (g) Mo 3d, (h) S 2p, and (i) O 1 s of DR-MoS2 electrodes 
before and after recovery in REEs mixture solutions. (f) SEM and corresponding EDS pattern of DR-MoS2 electrode after REEs recovery.
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orbitals between REEs and electrodes were investigated by partial 
density of states (PDOS). Each REE was tightly bound with S atoms, 
particularly with the p orbitals, on the electrode surface (Fig. 4i, S9 and 
S10). Compared with La(III) and Y(III), f orbitals in Gd(III) greatly 
participated in the interaction with unsaturated S atoms on MoS2-Mo. 
The participation of the f orbitals of Gd3+ in bonding with unsaturated S 
atoms provides a significantly stronger interaction compared to La3+

and Y3+, where such orbital overlap is less effective. Additionally, the 
electronic structure of Gd3+, with half-filled 4f orbitals, enhances the 
stability of its adsorption with unsaturated S atoms on MoS2 through 
stronger hybridization with the electrode surface. These findings pro
vide a mechanistic understanding of why Gd3+ exhibits superior 
adsorption behavior over La3+ and Y3+, beyond simple electron 
configuration differences. As well, the interaction of d orbitals in La(III) 
and d orbitals in unsaturated Mo atoms facilitated La(III) adsorption on 
MoS2-S. Therefore, disparate extranuclear atomic orbital interaction led 
to significantly different chemical interaction.

4. Conclusion

Separation and recovery of trace Gd(III) from other similar REEs in 
aqueous solutions via regulating the chemisorption activity of electrodes 
was presented. Gd(III) recovery remained nearly 100 % under the con
ditions of a concentration from 0.1 to 5 mg/L, an applied voltage of 0.8 
V, and electrodes-distance of 3 mm. The maximum adsorption capacity 
achieved was 299.32 mg/(g⋅dm2) under the conditions of an initial 
concentration of 10 mg/L. In the competitive adsorption experiments, 
Gd(III) could be highly separated from La(III) and Y(III) because of 
special interaction f orbitals of Gd(III) with p orbitals of unsaturated S 
atoms in DR-MoS2. In the meantime, super sorption ability enhanced 
EDLC and weakened charge transfer resistance of electrode in the 

solution to strengthen the electrochemical properties of electrodes. 
Remarkable, strong binding interaction between La(III) and unsaturated 
Mo atoms had the possibility to realize La(III) separation and recovery 
via MoS2 with unsaturated Mo atoms defects. Thus, this work might 
benefit separation and recovery of target trace REEs from aqueous so
lutions by modulating chemisorption.
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