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Abstract

The recovery of rare earth elements (REEs) and precious metals at low
concentrations from solutions has become an increasingly vital in hydrometallurgy,
water treatment, and energy-related fields owing to their genotoxicity and unique
physicochemical properties. Although various technologies have been developed, many
remain difficult to apply in industry. In this work, an alternative approach is proposed,
which regulates chemisorption and electrosorption activities using molybdenum
disulfide (MoS;) and carbon-based electrodes to achieve efficient recovery low-
concentration REEs and precious metals.

Firstly, the recovery of REEs from dilute aqueous solutions was achieved using
oxygen-doped MoS; electrodes. A Chemisorption and electrosorption coupling (CEC)
process enhanced nearly 100% REE recovery at a specific initial concentration.
Desorption efficiency also reached ~100% within 120 minutes, and the electrodes
demonstrated excellent stability. This high performance is attributed to the strong
interaction of REEs with sulfur and oxygen atoms on MoS: surface, its high electric
double layer capacity (EDLC), and low charge transfer resistance. Building on this,
defect-rich MoS; electrodes containing unsaturated Mo or S atoms were designed for
selective separation and recovery of gadolinium (Gd(IIl)) based on its unique
extranuclear electron configuration. These electrodes achieved ~100% recovery of
Gd(I1I) with an adsorption capacity of 299.32 mg/(g-dm?), together with high separation
with La(IIT) and Y (III).

To further advance the CEC method, carbon materials functionalized with oxygen-
containing groups were employed as coatings on electrodes for REEs and gold (Au)
recovery. Under optimized conditions, REE recovery again reached nearly 100%. The
enhanced performance is attributed to a combination of strong EDLC, electrostatic
interactions from the applied voltage, and chemisorption through oxygen-containing
groups. Recovery efficiency was strongly influenced by pore structure and surface
functionality. Notably, Au(I) recovery from thiosulfate solutions exceeded 90%, with
gold recovered in its metallic form, thereby simplifying conventional processing steps.

Finally, to enable cost-effective application, biochar electrodes derived from
inexpensive walnut shell precursors were used to recover Au(I) from thiosulfate
solutions. Through traditional carbonization and activation processes, porous walnut
shell charcoal (WSC) was synthesized. Compared to non-activated samples, WSC

exhibited superior Au(I) recovery (~100%) due to its hierarchical porous structure,
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which facilitated efficient ion adsorption and charge storage. Again, metallic gold was
the main recovered product. Experimental data, supported by theoretical calculations,
demonstrated the critical role of pore architecture during the reduction-recovery process.
Au(I) adsorption was governed by contact and diffusion steps, which depended on
water molecule interactions and ion

00T L4 21510 )3 P

.......................................... Ultimately, the developed CEC method achieved
100% Au(l) recovery from thiosulfate leachates of e-waste and gold ores, even in the
presence of interfering ions.

This study highlights a novel approach to improve the recovery of low-
concentration REEs and Au(I) from leaching solutions by modulating chemisorption
and electrosorption behaviors. The findings offer valuable insights that may inspire

future strategies for metal ion recovery using CEC-based techniques.

Keywords: Rare earth elements; Au(l); Low-concentration; Chemisorption and

electrosorption coupling; MoS:; Porous carbon materials
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Resume

La recuperacion de elementos de tierras raras (REEs) y metales preciosos en bajas
concentraciones a partir de soluciones se ha vuelto cada vez mas vital en los campos de
la hidrometalurgia, el tratamiento de aguas y la energia, debido a su genotoxicidad y
sus propiedades fisicoquimicas unicas. Aunque se han desarrollado diversas
tecnologias, muchas siguen siendo dificiles de aplicar a nivel industrial. En este trabajo,
se propone un enfoque alternativo que regula las actividades de quimiosorcion y
electrosorcion mediante el uso de electrodos basados en disulfuro de molibdeno (MoS>)
y materiales carbonosos, con el fin de lograr una recuperacion eficiente de REEs y
metales preciosos en bajas concentraciones.

En primer lugar, se logré la recuperacion de REEs a partir de soluciones acuosas
diluidas utilizando electrodos de MoS:> dopados con oxigeno. El proceso acoplado de
quimiosorcion y electrosorcion (CEC) permitio una recuperacion de REEs cercana al
100% a una concentracion inicial especifica. La eficiencia de desorciéon también
alcanz6 aproximadamente el 100% en 120 minutos, y los electrodos mostraron una
excelente estabilidad. Este rendimiento sobresaliente se atribuye a la fuerte interaccion
de los REEs con atomos de azufre y oxigeno en la superficie del MoSz, a su alta
capacidad de doble capa eléctrica (EDLC) y a su baja resistencia a la transferencia de
carga. Con base en esto, se disefiaron electrodos de MoS: ricos en defectos, que
contienen atomos de Mo o S insaturados, para la separacion selectiva y recuperacion
de gadolinio (Gd(III)), aprovechando su configuracion electronica extranuclear unica.
Estos electrodos lograron una recuperacion de Gd(III) de aproximadamente el 100%,
con una capacidad de adsorcion de 299.32 mg/(g-dm?), asi como una alta selectividad
frente a La(I1l) y Y(III).

Para avanzar en la aplicacion del método CEC, se emplearon materiales
carbonosos funcionalizados con grupos oxigenados como recubrimientos de electrodos
para la recuperacion de REEs y oro (Au). Bajo condiciones optimizadas, la
recuperacion de REEs volvi6 a alcanzar cerca del 100%. Este rendimiento mejorado se
atribuye a la combinacion de una fuerte EDLC, interacciones electrostaticas generadas
por el voltaje aplicado y quimiosorcion a través de grupos oxigenados. La eficiencia de
recuperacion estuvo fuertemente influenciada por la estructura porosa y la
funcionalizacion superficial. Es notable que la recuperacion de Au(l) a partir de
soluciones de tiosulfato supero6 el 90%, y el oro se recuper6 en forma metélica, lo que

simplifica los procedimientos tradicionales.
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Finalmente, con el objetivo de desarrollar una aplicacioén rentable, se utilizaron
electrodos de biocarbon derivados de céscaras de nuez econdmicas para la recuperacion
de Au(I) a partir de soluciones de tiosulfato. Mediante procesos tradicionales de
carbonizacion y activacion, se sintetizd carbon poroso de céscara de nuez (WSC). En
comparacion con las muestras no activadas, el WSC mostrd una recuperacion superior
de Au(I) (~100%) debido a su estructura porosa jerarquica, que facilitdo una adsorcion
eficiente de iones y el almacenamiento de carga. Nuevamente, el oro metalico fue el
principal producto recuperado. Los datos experimentales, respaldados por calculos
tedricos, demostraron el papel critico de la arquitectura porosa durante el proceso de
reduccioén y recuperacion. La adsorcion de Au(l) estuvo gobernada por pasos de
contacto y difusion, dependientes de las interacciones con moléculas de agua y la
migracion
1T0) 0 Lo

................................................ Finalmente, el método CEC desarrollado logro
una recuperacion del 100% de Au(I) a partir de lixiviados de tiosulfato provenientes de
residuos electronicos y minerales auriferos, incluso en presencia de iones interferentes.

Este estudio destaca un enfoque novedoso para mejorar la recuperacion de REEs
y Au(I) en bajas concentraciones a partir de soluciones de lixiviacion, mediante la
regulacion de los comportamientos de quimiosorcion y electrosorcion. Los hallazgos
ofrecen ideas valiosas que pueden inspirar futuras estrategias para la recuperacion de

1ones metalicos mediante técnicas basadas en CEC.

Palabras clave: Elementos de tierras raras; Au(I); Baja concentracion; Acoplamiento

de quimiosorcion y electrosorcion; MoS.; Materiales carbonosos porosos
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Extended abstract

Recovery of rare earth elements (REEs) and precious metals at low concentrations
from aqueous solutions is becoming increasingly vital for hydrometallurgy, water
treatment, and energy-related fields, due to their genotoxicity and unique
physicochemical properties. Although various technologies have been developed, many
of them face challenges in practical and industrial applications. In this study, a novel
strategy is proposed to efficiently recover low-concentration REEs and precious metals
by regulating chemisorption and electrosorption activities using molybdenum disulfide
(MoS>) and carbon-based electrodes.

Firstly, oxygen-doped MoS: electrodes were designed for REEs recovery from
dilute aqueous solutions. The chemisorption and electrosorption coupling (CEC)
process using these electrodes achieved nearly 100% recovery of REEs at specific
initial concentrations. A maximum adsorption capacity of 365.71 mg/(g-dm?) was
obtained, and desorption efficiency also reached ~100% within 120 minutes. The high
performance is attributed to the strong interaction between REEs and sulfur/oxygen
atoms on the MoS; surface, the large electric double layer capacitance (EDLC), and the
low charge transfer resistance. Furthermore, the enhanced chemical interaction
resulting from oxygen doping significantly influenced the binding strength between
REEs and the MoS: surface.

Secondly, taking advantage of the special electron configuration of gadolinium
(Gd), defect-rich MoS: electrodes with unsaturated molybdenum or sulfur atoms were
developed to selectively separate and recover Gd(III) from other REEs. In competitive
adsorption experiments, Gd(III) was effectively separated from La(IIl) and Y (III), due
to the specific interaction between Gd(III) f-orbitals and the p-orbitals of unsaturated
sulfur atoms. The Gd(III) recovery rate and adsorption capacity reached nearly 100%
and 299.32 mg/(g-dm?), respectively. Additionally, the superior sorption ability
enhanced the EDLC and reduced charge transfer resistance, improving the overall
electrochemical performance. Notably, the strong binding of La(III) to unsaturated Mo
atoms also enabled its selective recovery by tuning the chemisorption activity.

To further promote the applicability of the CEC method, functionalized carbon
materials were used to fabricate electrodes for REEs and gold (Au) recovery. Under
specific conditions, REEs recovery reached 100%, primarily due to the synergistic
effects of strong EDLC, electrostatic interactions from applied voltage, and

chemisorption via oxygen-containing functional groups. HCl and NH4Cl were

\Y



Dissertation-PCI. Weiquan Zhan

employed for REEs desorption, achieving over 90% desorption efficiency within 20
minutes (HCI), and nearly complete desorption with NH4Cl, while preserving the
electrode structure. After four cycles, a decline in recovery was observed due to material
loss. Interestingly, Au(I) was also recovered from thiosulfate solutions at over 90%,
with gold metal directly formed on the electrode surface, thereby simplifying the
downstream recovery process.

Subsequently, to develop cost-effective electrodes, biochar derived from walnut
shells (WSC) was synthesized for Au(I) recovery. Using traditional carbonization and
activation techniques, porous WSC electrodes with varied pore distributions were
prepared. At low initial concentrations, WSC achieved over 85% Au(l) recovery, with
a maximum of 95% and an adsorption capacity of 42.9 mg/g. Multi-porous WSC
electrodes exhibited even better performance (~100% recovery), attributed to the
enhanced ion adsorption and storage facilitated by the porous structure. The recovered

Au(I) was also found in metallic form on the WSC surface.

In conclusion, this study demonstrates a novel and effective approach for
recovering low-concentration REEs and Au(I) by modulating chemisorption and
electrosorption properties of electrode materials. These findings provide valuable
insights and offer a potential pathway for the efficient recovery of other valuable metal

1ons via the CEC method.

Keywords: Rare earth elements; Au(I); Low-concentration; Chemisorption and
electrosorption coupling; MoS;; Porous carbon materials
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Chapter I. Introduction

1.1. Justification

Rare earth elements (REEs) and precious metals play an important role toward
electric devices'?, catalysis**, semiconductors’, and medicine® because of their special
properties. Hydrometallurgy is the main method to extract limited resources, which
contains three procedures: leaching target elements from solid resources (leaching
process), separating target elements from leaching solutions (enriching process), and
reducing enriched target elements into particles for product (reduction process).
Nevertheless, during enriching process, it usually comes as a technical limitation in
industry.

Referring to REEs and precious metals recovery, plenty of researches have been

78 910 chemical precipitation'!’!2,

proposed, such as, solvent extraction’*, ion exchange
and sorption'*!4. However, most of these approaches are hard for actual application
because of large consumption of reagents, or high cost, or poor selectivity. Moreover,
they focus on the recovery under high concentration condition, while rare studies are
carried within low concentration. There still exists the challenges to efficiently recover
REEs and precious metals within low concentration range from aqueous solutions.
Gold (Au)">!® as a kind of typical precious metal is widely used not only owing to
its value, but also conductivity, sustainability and stability. Cyanide leaching!”!'¥ the
classical leaching method, starts from 100 years ago, being used as the main technique
to leach gold due to its economy and simply operation. However, cyanide leaching
possesses the dangerous drawbacks of well-known toxicity and explosive. As the
progress of world, sustainable and green development of gold mining is a vital topic.

1921 owns the advantage of

Among non-cyanide leaching method, thiosulfate leaching
quick leaching rate, cheap waste treatment, and nontoxic process. Whereas, recovery
of gold from thiosulfate leaching solution is the primary limitation for thiosulfate
leaching application in industries. Herein, the work aims to solve the problem of REEs
recovery from aqueous solutions and Au(l) recovery thiosulfate leaching solutions.
Electrosorption®>** known as a kind of promising way is used to absorb low-
concentration target ions in solutions since the target ions are induced to overcome the
electrostatic repulsion and towards the adsorbent under the electric field. Materials as
the working electrode are vital for the interaction between electrolyte and electrode.

Then, the migration process can be dominated by electric field force and attraction from

1
Rare and precious metal recovery at a low concentration via chemisorption and electrosorption coupling process
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applied material. Therefore, the interaction between electrolyte and electrode belongs
to chemisorption and electrosorption coupling (CEC) process, which is beneficial for
the recovery of REEs and precious metals from solutions.

CEC process strongly relies on the materials with its surficial properties for
efficient adsorption, and it can realize highly recovery and selectivity with specific ions.
Benefited from its rich sulfur atoms in the structure, molybdenum disulfide (MoS:) 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**?>. Motivated by the electric performances of
MoS; as electrodes as well as its earth abundance and nontoxic, it is timely to
investigate whether it could be used as electrodes in the recovery of REEs and precious
metals from aqueous solutions.

What’s more, according to the ion storage equation in electric double layers (EDL)
. A . . . .
capacitance, C = %, capacitance is related with surface area. The target ions are

captured via physical interaction into the pores formed in EDL. Porous electrodes are
beneficial for the recovery of low-concentration REEs and precious metals as well.
Carbon materials?® 2, for instance, activated carbon (AC), graphite, graphene, carbon
nanotubes, with their super porous structure, low cost, and high specific surface area
properties have been found as common adsorbents for metal ions adsorption. Few
previous works demonstrated that activated carbon electrode could bind with REEs and
precious metals, but focusing on the modification of AC and interaction with metals.
During the electro-adsorption process, the function of pores is indispensable. The
adsorption process of metals and role of pores on carbons electrode need to be further
investigated.

Herein, we explored the recovery of REEs, especially La(IIl), Gd(III), and Y (III),
as represented REEs, in low concentration range from aqueous solutions. Besides, gold,
as typical precious metals, in low concentration range was recovered by CEC process.
More insights were provided the above-mentioned issues on MoS; and porous AC
electrodes for adsorption and recovery of target ions. The aim is to provide the insights
into recovering low-concentration REEs and Au with MoS; and porous carbon-based
electrode in environmental application. The study was firstly carried out to deeply
evaluate the recovery of low-concentration REEs and Au(I) in the EDL capacitance by

MoS:> and porous structure of carbon-based electrodes.
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1.2. Hypothesis

Previous researches®’°

verified that target ions in aqueous solutions can be
efficiently immigrated under the external field. If materials coated on the surface of
electrode reacts only one type of components in the electrolyte, the interaction between
electrolyte and electrode belongs to CEC process. Under the interaction, target ions will
be efficiently and selectivity recovered on the electrodes. Moreover, the redox potential
of Au(I) to Au® in thiosulfate solutions is about 0.15 eV, which is low enough to be
reduced into gold particles on the electrodes with applied voltage. It is promising that

the Au(]) is recovered and reduced at the same time, shortening the recovery procedures.

1.3. Objectives
1.3.1. General objective

The objective is to efficient recover low-concentration REEs from aqueous
solutions and Au(I) from thiosulfate leaching solutions by CEC process. Based on
regulating the chemisorption and electrosorption activities of MoS; and porous AC
materials, enhanced selective REEs and Au(I) recovery are realized. This study deepens
our understanding on the immigration, interaction, and mechanism of REEs and Au(I)
on transition metal sulfides, and helps to guide a thought for recovering REEs and

precious metal in low concentration range over green and recyclable uses.
1.3.2. Goal

a. Study the regulation of chemisorption and electrosorption activity for REEs uptake
in low concentration on oxygen-doped MoS; electrodes.

b. Propose the chemisorption modulation activity for trace gadolinium (III) separation
and recovery via defects-rich molybdenum disulfide electrodes.

c. Investigate the low-concentration REEs adsorption behaviors on carbon-based
electrodes.

e. Explore the electroreduction way to realize efficient Au(I) recovery from thiosulfate
solutions via carbon-based electrodes.

f. Analyze the efficient Au(l) recovery from thiosulfate solutions by self-made walnut
shell charcoal electrodes.

g. Manipulate porous structure of electrodes for direct, rapid, and selective electro
reduction-recovery of Au(I) from thiosulfate leaching solutions.
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Chapter Il. Antecedents

2.1. Introduction

Recently, MoS;, as a typical layered transition-metal dichalcogenide with unique
crystal structures and unusual properties, has attracted increasing interest!. In the
structures of MoS; (Figure 2-1a), strong covalent bonds exist between the Mo and S
atoms and weak Van der Waals forces connect the layers. The interval distance between
adjacent layers is 0.65 nm?*®. The Mo-S bond length, crystal lattice constant and
distance between the upper and lower sulfur atoms are 0.24, 0.32 and 0.31 nm,
respectively. To date, MoS; has been found to possess three crystal structures, namely,
IT (tetragonal symmetry, each repeat unit with one layer), 2H (hexagonal symmetry,
each repeat unit with two layers) and 3R (rthombohedral, each repeat unit with three
layers), according to the coordination mode between the Mo and S atoms and the
stacking order between layers, as shown in Figure 2-1b. Among these structures, 2H-
MoS: is the most stable under normal conditions.

Because of its unique physical, chemical and electrical properties, MoS> has been
researched in various fields, including desalination, energy storage and conversion,
lithium and sodium batteries, biology, optoelectronics and nanodevices. So far, many
works have been carried out to regulate the structure of MoS; for the enhancement of
its performance based on different dimensional morphologies*. However, owing to the
drawbacks of MoS», which include a lack of active sites, hydrophobicity and a slow
transfer of photoelectrons, it must be modified with regards to its surface, structural and
semiconducting properties for enhanced applications. In this review, we introduce the
methods for the preparation and structural engineering of zero-, two- and three-
dimensional (0D, 2D and 3D) MoS». Simultaneously, the perspectives of 0D, 2D and
3D MoS» are proposed in different application fields to provide vital guidance for

researchers.

a

Figure 2-1. Layered structure of (a)° bulk MoS; and (b)® its three crystal structures: 2H; 3R; 1T.
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2.2. Structural properties

2.2.1. 0D MoS>

MoS: has a layered S-Mo-S structure and weak Van der Waals forces between the
layers and can therefore form a 0D structure. The size of 0D MoS; is less than 10 nm
and is very small in three dimensions, similar to a point. Due to the quantum limitation
and small size effects, 0D MoS; exhibits a direct band gap, which endows it with high
quantum efficiency, in contrast to bulk MoS; with an indirect band gap. 0D MoS; is
considered a promising new material with low toxicity and good biocompatibility that
can be used as a cell penetration probe and in vitro imaging and fluorescence sensing.

Photoluminescence

Compared with the quenching properties of MoS,’, one of the most promising
properties of 0D MoS; is photoluminescence (PL). The PL emission spectra of 0D
MoS; are at different excitation wavelengths (320-520 nm) compared with that of bulk
MoS:®. With a change in excitation wavelength, the emission wavelength also changes,
exhibiting an excitation wavelength-dependent effect. Fluorescence microscopy images
of dried 0D MoS; at 405, 488 and 552 nm show that 0D MoS: emits blue, green and
red light, respectively.

In addition, there exist some relationships between the PL intensity of 0D MoS»
and pH. For example, 0D MoS; synthesized by Wang et al.” showed that its PL is almost
unaffected by pH. However, the PL of 0D MoS, synthesized by Dai et al.' was
basically influenced by pH. At pH of 2—6, the PL of 0D MoS: increases with increasing
pH. However, the PL decreases with increasing pH without the movement of the peak
at pH of 10-12. Interestingly, Siddiqui et al.!' prepared 0D MoS, with excitation
wavelength independence. When the excitation wavelength varied from 260 to 350 nm,
the emission wavelength was 448 nm.

Anti-Stokes luminescence

Anti-Stokes luminescence is a short wavelength and high frequency light excited
from long wavelength, low frequency excitation light. Dong et al.!? reported the anti-
Stokes luminescence properties of 0D MoS: in the wavelength range of 775-900 nm.
When the excitation wavelength changed from 775 to 900 nm, the corresponding
emission peak moved from 525 to 610 nm.

Cytotoxicity

Since 0D MoS: can be easily dispersed in water and exhibits strong fluorescence
properties, concerns have been raised regarding its cytotoxicity. For instance, Xu et al.'®
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used the MTT method to detect the cytotoxicity of 0D MoS; and HEK 293T and HelLa
cells with different concentrations of 0D MoS» were incubated for 24 h to conduct cell
survival experiments. The results showed that the survival rate of the HEK 293T and
HeLa cells decreased by ~1% and ~11%, respectively, when the concentration of 0D
MoS; was 250 pg/mL. When the concentration of 0D MoS, was increased to 2000
pg/mL, the cell survival rate of HEK 293T cells decreased by ~12% and that of HeLa
cells by ~30%, revealing that 0D MoS; was harmless to the cells. The results showed
better biocompatibility compared to the cytotoxicity of MoS, reported by Wang et al.'*
and also indicated the potential application value of 0D MoS: in the field of bioimaging.

Electrochemical activity

Recently, researchers have attempted to explore the high catalytic behavior of 0D
MoS; in the hydrogen evolution reaction. Qiao et al.!” synthesized 0D MoS; via
multiple lithium intercalation and stripping and then tested its electrocatalytic activity
using 0.5 M H2SO4 as an electrolyte in a typical three-electrode system. The results
showed that 0D MoS; prepared with more stripping cycles had a lower overpotential,
higher cathode current and lower Tafel slope. The reason for this was the existence of
the rich active edge of 0D MoS; that endows it with excellent catalytic performance,

thereby representing a new method for the application of 0D MoS; in electrochemistry.
2.2.2. 2D MoS:;

2D layered materials refer to planar materials at the nanoscale in only one direction.
These materials have transverse dimensions larger than 100 nm and can be several
microns or more but are only one or a few atomic layers thick'®. 2D MoS; is a
representative transition metal sulfide and has attracted extensive attention from
researchers. Single- or few-layer crystals of MoS, can be obtained by interlayer
stripping because of the weak Van der Waals forces between adjacent layers. Like
graphene, the transformation of MoS; from the bulk phase to a 2D layered structure
produces some special physicochemical properties, such as unique mechanical and
electrical properties and band gap tunable fluorescence luminescence properties. It has
been widely used in dry lubrication, catalysis, photovoltaic equipment and energy
applications.

Electronic structure

MoS: is a unique layered transition metal sulfide and its band gap varies with the
number of layers. The direct band gap of bulk MoS: is ~1.29 eV!”. Due to its ultrathin
2D crystal structure, the band structure and band gap of MoS; are affected by the
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quantum local effect!®. The highest valence band (VB) is at the I' point and the lowest
conduction band (CB) is about half of the I'-K direction, which causes the transition
from an indirect to direct band gap'®. As the number of layers decreases, the lowest
band in the CB rises, thereby increasing the overall bandwidth. The K point in the
Brillouin region is mainly due to the fact that the d orbital of the Mo atom is not affected
by the interlayer interaction. The direct band gap only increases by ~0.05-0.10 eV at
the K point in the Brillouin region®’. The CB state near the I" point is caused by the
interlayer interaction between the P, orbital of the S atom and the d orbital of the Mo
atom. Therefore, the band gap is more susceptible to the layer number change at the I'
point*!. When the number of layers becomes one (i.e., a single layer), the indirect
conversion band gap is larger than the direct conversion band gap and the minimum
direct band gap is ~1.9 eV at the K point. This special transition from indirect to direct
band gap originates from the interlayer influence and quantum local and long-range
Coulombic effects?.

Optical properties

Photoexcited optical studies show that monolayer MoS> has a very high quantum
yield with a photoconversion band gap of ~1.9 eV. Compared with bulk MoS», the
quantum yield of 2D MoS; is very high at 4x107 !°. Thus, photoemission and Raman
spectroscopy can be used to characterize the quality and crystallinity of 2D MoS>%.
The photoemission spectrum of 2D MoS; has two exciton peaks at the K point, namely,
the exciton A peak and exciton B peak, which may be caused by the spin orbit splitting
of VB. VB splitting occurs at the K point, the highest point in the VB. Therefore, two
conversions from excitons to the double degenerate CB are possible’*. 2D MoS;
possesses higher mechanical strength and Young’s modulus than steel®®. The distortion
of 2D MoS: can reach 11% without rupture’®. In addition, 2D MoS, exhibits
piezoelectricity and can be used in sensitive sensors®’. Theoretical calculations have
shown that the effective electron mass of 2D MoS; at the K point is 0.48 me, much

larger than the value of 0.012 me for graphene®®. Feng et al.? created a broadband

optical funnel by adjusting the tension of 2D MoSo.
2.2.3. 3D MoS:

2D MoS; can easily aggregate and stack during use, owing to its large surface
energy and small particle size. During the aggregation process, the dispersion stability
and effective specific surface area are reduced. Moreover, its solid-liquid separation
and recycling performance are poor. The 3D structure is an effective method to improve
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the performance of 2D MoS> and can effectively reduce its inherent stacking and
aggregation characteristics, thereby enhancing its specific surface area, reducing its ion
diffusion resistance and increasing its number of active sites'®. Gelation is the most
common method to achieve the 3D structure of MoS,. Through crosslinking
polymerization between 2D MoS> and polymers, a spatial network structure with
numerous pore structures and strong mechanical stability can be formed. In order to
achieve the 3D structure of MoS,, various functional groups, including carboxyl,
hydroxyl and mercaptan groups and alkyl chains, can be introduced on the surface of
2D MoS; by organic modification®°. A crosslinking agent is then added to make the
modified 2D MoS; crosslinked and polymerized to form MoS» gel.

Characterization

Researchers have designed and constructed a series of 3D MoS,-based materials
with various frameworks (e.g., aerogels, sponges and foams). These 3D MoS:-based
materials not only retain the intrinsic properties of MoS, but also possess some new
collective physiochemical properties, including high porosity, low density, large
specific surface area, strong mechanical strength and unique -electrochemical
performance. Furthermore, 3D MoS;-based materials obtain multi-level pore structures
(micropores, mesopores and macropores) and internal connection frameworks, which
endow them with improved surface accessibility and better mass transport.

Zhang et al.*° prepared a MoS»/graphene foam using nickel foam as a template.
Nickel foam itself is a porous, microporous structure and the MoS2/graphene obtained
by this method has a large specific surface area with a Tafel slope of only 42.8
mV/decade. The existence of the 3D structure not only promotes the electron transfer
process but also effectively avoids the volume change of the electrode for long periods
in electrocatalytic hydrogen evolution, thereby enhancing the stability of the electrode.
Liu et al.*! synthesized a MoS»/graphene hydrogel via a one-step hydrothermal method,
which confirmed the existence of a microporous structure by scanning electron
microscope (SEM) and specific surface area test, and directly used the prepared
material as the electrode for an electrocatalytic hydrogen evolution reaction. The
electrochemical experiments showed that MoS: has a lower initial potential and Tafel

slope and its current density reached 52.4 A/g at a potential of 400 mV.
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2.3. Preparation of 0D, 2D, and 3D MoS:
2.3.1. Synthesis of 0D MoS:

0D MoS:; has received extensive attention because of its unique optical properties
and broad application prospects®2. So far, the mainstream synthesis techniques of 0D
MoS; have developed into liquid exfoliation, electrochemical, Li* intercalation and
hydrothermal synthesis.

Liquid exfoliation method

The liquid exfoliation method uses ultrasonication to disperse bulk MoS> in an
organic solvent and ultrasonically treat the suspension. During the ultrasonication
process, MoS; is damaged and sheared into small sizes by mechanical force**. The
choice of solvent is particularly important because the solubility and surface tension
index of the solvent are related to the good monodispersity**. Gopalakrishnan et al. >
subjected a MoS» powder to bath sonication and probe sonication in sequence for 3.5 h
in a 1-methyl-2-pyrrolidone (NMP) solution and then centrifuged it to obtain
heterodimensional nanostructures on the upper layer of the solvent, as shown in Figure
2-2. In bath sonication, the hydrodynamic forces generated by the increase in pressure
and temperature promoted the cleavage of bulk MoS: into small particles. Probe
sonication broke most of the nanosheets into ultrathin sheets with 0D MoS: interspersed.
The presence of NMP maintains the stability of the exfoliated MoS: dispersion the
highest. This method yielded ~2 nm single-layer 0D MoS», which slightly agglomerated
over time and could become 10 nm after 7 d. Another commonly used solvent is N,N-
dimethylformamide (DMF). Wang et al.*® placed bulk MoS> powder in DMF and
successfully prepared 0D MoS> of 1.47 + 0.16 nm by a combination of ultrasonic
exfoliation for 4 h and gradient centrifugation. Dong et al. used TBA to insert the
interlayer and ultrasonic treatment to assist in the preparation of bulk MoS» flakes with
a lateral size of ~13 nm'?. The flakes were uniformly distributed with 0D MoS> in a

honeycomb lattice atomic structure, a uniform crystal form and a height of 1-2 nm.
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Figure 2-2. Schematic diagram of 0D MoS, synthesized by liquid exfoliation method (insets (a,b):
TEM images of 0D MoS,)*’.

Electrochemical method

The electrochemical method is an environmental-friendly, efficient and condition-
controllable method for preparing 0D MoS,®. A direct current (DC) voltage is applied
to the electrolyte and free radicals are generated in the solution. The radicals etch MoSa,
thereby triggering its cleavage, leading to further exfoliation of the bulk material that
results in monolayer or multilayer 0D MoS>*°. Shrivastava et al.** placed MoS:
microspheres in a two-electrode system of an electrochemical cell with a 1 mol%
lithium bis-trifluoromethylsulphonylimide ionic liquid as the electrolyte. A constant
DC voltage of 5 V was applied to the electrode pair and the reaction continued for 3 h.
0D MoS; was separated from the supernatant after centrifugation, washed with acetone
and dried at room temperature to obtain 0D MoS; in powder form. Li et al.*! used the
electro-Fenton reaction to generate a large number of hydroxyl radicals, which acted
on the preparation of 0D MoS,, as shown in Figure 2-3. The nanosheets could be
completely converted into uniformly distributed single 0D MoS: by continuously
applying a potential of -0.5 V and bubbling O> to the mixed solution containing MoS»
nanosheets and FeSO4 for 60 min. The electro-Fenton reaction can be used to easily

obtain nanosheets with different nanopores, as well as 0D MoS,, by controlling the time.
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Figure 2-3. Schematic diagram of 0D MoS; synthesized by electrochemical method*!.

Intercalation method

Intercalation is the most suitable route for the large-scale production of monolayer
MoS; and 0D MoS;. By controlling the number of repeated exfoliation steps on the
sample by lithium intercalation, monolayer MoS: nanosheets with different lateral
dimensions can be generated until a large number of 0D MoS> monolayers with
sufficiently small size can be obtained*?. Three important mechanisms contribute to the
exfoliation of MoS> and the preparation of 0D MoS,: (1) the intercalation agent
intercalates between the layers of the material, which weakens the interlayer force; (2)
the intercalation agent reacts violently with water to generate H», which further
increases the interlayer spacing; (3) Coulombic repulsion exists between the layers*’.
Lithium-containing compounds and some alkali metal compounds can be used as
intercalation agents, among which n-butyllithium (n-BuLi) is widely used for the
exfoliation of layered materials. Qiao et al.** soaked MoS> powder in an n-BuLi
solution for a long period, followed by stripping, filtration, washing, sonication and
drying. The above process was repeated three times and single-layer 0D MoS, was
finally prepared. n-BuLi easily leads to the transformation of MoS: from the
semiconducting 2H phase to the metallic 1T phase during the intercalation process. An
et al. proposed the addition of laser radiation-assisted stripping on the basis of Li"
intercalation to induce the 1T phase transition to 5-10 nm 2H phase 0D MoS,*, as
shown in Figure 2-4. It is noteworthy that part of the MoS: oxidized spontaneously due

to laser ablation.
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Figure 2-4. Schematic diagram of 0D MoS, synthesized by (a) intercalation method. (b) Digital

images of solution change during exfoliation. (¢) Schematic diagram of experimental setup**.

Hydrothermal method

Under the premise of using water as the solvent, by placing the precursor solution
in a closed reactor and controlling the reaction time, temperature, pressure and other
conditions, 0D MoS; with different structures and morphologies can be prepared. Wang
et al.’ used sodium molybdate and L-cysteine as precursors and reacted them in an
autoclave at 200 °C for 36 h to obtain 0D MoS; of ~2.5 nm in solution. Ren et al.*’
converted the sulfur source into dibenzyl disulfide and reacted it with NaxMoO4-2H>O
at 220 °C for 18 h to obtain 0D MoS; with a uniform distribution and an average size
of 3.6 nm, as shown in Figure 2-5. Mohanty et al.l*”! used ammonium
tetrathiomolybdate ((NH4)2Mo0S4) as the single precursor and hydrazine hydrate
(N2Hs4:4H20) as the reducing agent and reacted them at 200 °C for 24 h to obtain 0D
MoS; with an average size of 2.8 nm. This one-step hydrothermal synthesis avoids the
inhibition of the performance of 0D MoS: by carbon that may be generated in the

presence of organic solvents.
(@
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Centrifugation
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Figure 2-5. Schematic diagram of 0D MoS, synthesized by hydrothermal method. (a) Digital
image of 0D MoS; suspension. (b) SEM image of um-sized 0D MoS,*
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2.3.2. Synthesis of 2D MoS>

Based on its excellent properties, significant research work has been carried out to
prepare high-quality 2D MoS,. At present, the preparation strategies for 2D MoS; can
mainly be divided into top-down and bottom-up methods (Figure 2-6)1*8]. The basic
principle of the top-down method is to reduce the interlayer force of massive MoS» and
then prepare high-quality materials by stripping. The bottom-up method mainly uses
Mo and S precursors to prepare 2D MoS; through chemical synthesis.
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Figure 2-6. Preparation methods of 2D MoS>*.

Top-down methods

Micromechanical cleavage method. Micromechanical cleavage is a traditional top-
down method for preparing 2D materials. According to the Van der Waals forces
between the material layers, suitable adhesive tapes can be selected for artificial
stripping to prepare single- or few-layer 2D materials, including the preparation of 2D
MoS:. Li et al.*” exfoliated suitable MoS, from bulk crystals using Scotch tape and then
contacted these newly peeled flakes on the tape with the target substrate and rubbed
them with tools, such as plastic tweezers, to further cut them. After removing the Scotch
tape, the obtained optical microscopy and AFM images of single- or few-layer 2D MoS:
on the substrate are shown in Figure 2-7a;.s. The height of monolayer MoS; is ~0.8 nm,
which is consistent with the theoretical value*®. Similarly, Ghatak et al.** obtained
different layers of 2D MoS, by tape stripping, in which schematics of optical
microscopy and field-effect transistors are exhibited in Figure 7bi.2. It is obvious that
the separation of the Ez,' and A1, peaks for three-, two- and single-layer 2D MoS; are

23, 21 and 16-18 cm’!, respectively, as characterized by Raman spectroscopy (Figure
16
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2-7b34). 2D MoS; obtained from Scotch tape has nearly perfect surfaces and high
crystallinity and is usually used as a material for optoelectronic devices in fundamental
research. Simultaneously, the high crystallinity of 2D MoS,, which leads to its low
chemical activity, reduces its application prospects in other aspects, such as
photocatalysis and adsorption. In addition, the micromechanical cleavage method faces
the limitations of small yield and low production efficiency. These problems limit the
application of this method to fundamental research at present, and it is difficult to

realize the actual production of 2D MoS; using this method.

b.

Intensity (a.u)

Figure 2-7. (ai-s) Mechanically exfoliated 2D MoS; on 300 nm SiO»/Si: optical microscopy. (as-g)

AFM images*’. (bi) Optical micrograph of a typical MoS, device. (b2) Schematic of a single-layer

MoS; field-effect transistor. (b3) Raman spectrum. (bs) Thickness scan of single-layer MoS; (inset:
AFM image) ¥.

Liquid exfoliation. The basic strategy of liquid exfoliation, similar to chemical
mechanical exfoliation, is to disperse the bulk crystals in the liquid phase to reduce the
interlayer force and then peel the 2D materials from the bulk and disperse them stably
in the solvent by assisted shear or ultrasound. In this method, reducing the interlayer
force of MoS; is pivotal to preparing high-quality 2D MoS,. Therefore, significant
research has been conducted on the method for effectively reducing the interlayer force
of MoS> in recent years. According to the different methods to reduce the interlayer
force, the liquid exfoliation technology of MoS» can be mainly divided into solvent-
assisted stripping, surfactant-assisted stripping and ion intercalation stripping.

Solvent-assisted stripping, as one of the most direct methods for stripping layered
materials, involves dispersing MoS: in an organic solvent and then performing
ultrasonic stripping to finally obtain 2D MoS; by centrifugation. It has been shown that
the energy required for stripping layered minerals is strongly related to the difference
between the surface energy of layered minerals and the surface tension of the organic
solvents®. In addition, a suitable solvent can stabilize the dispersion of 2D MoS; by

inhibiting the agglomeration and restacking between nanosheets. In summary, the type

17
Rare and precious metal recovery at a low concentration via chemisorption and electrosorption coupling process



Dissertation-PCI. Weiquan Zhan

of dispersing solvent plays a decisive role in the stripping efficiency of MoS, and the
commonly used solvents include NMP, dimethyl sulfoxide and DMF®]. Li et al.®!
successfully dispersed massive MoS, in an NMP solvent. The high-speed shear effect
of the homogenizer was used to overcome the weak Van der Waals forces between the
MoS; layers in NMP, which reduced the size of the sheet (Figure 2-8a). From AFM
images of 2D MoS:> in the supernatant (MoS»-p) and the histogram of layer number
(Figure 2-8b1.2), the statistical data suggested that the thickness distribution of 2D MoS;
was wide, while the average layer number was around six. By adding sodium citrate to
the NMP suspension, the concentration of 2D MoS:> in the supernatant (MoS>-sc) was
greatly increased and the dispersion stability was also significantly improved. More
importantly, the thickness of the obtained 2D MoS: was thinner and the distribution
narrower. The average layer number of 2D MoS; was about four, of which ~9% were
single layers, as shown in Figure 2-8bs.4. Although the effective stripping of MoS: can
be achieved by using NMP as a solvent, it is difficult to be popularized due to the
toxicity of NMP. Furthermore, the removal of NMP (and other solvents) from 2D MoS;

is also challenging.
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Figure 2-8. (a) Schematic diagram of liquid-phase shear exfoliation of 2D MoS; by a high-speed

Nages2

dispersive homogenizer. Typical AFM images (left) and histogram of layer number of 2D MoS>
calculated from height measurements of AFM images of above 100 flakes (right): (bi-2) MoSz-p;
(b3.4) MOSZ'SCSI.

Surfactant-assisted stripping is the other liquid exfoliation method. Small
molecular organics, surfactants and polymers have high adsorption energy on the

molybdenite surface, which greatly promotes its separation. The surfactants can be

1'52

divided into ionic and nonionic depending on their structure. Gupta et al.”* obtained

stable water dispersions of 2D MoS; by ultrasonic treatment in the presence of cationic

surfactant cetyltrimethylammonium bromide (CTAB) or anionic surfactant sodium
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dodecyl sulfate (SDS). Observation of the micromorphology of 2D MoS: stripped by
CTAB revealed that it was highly dispersed and exhibited a defect-free structure and a
hexagonal honeycomb shape (Figure 2-9a3.5). As shown by the AFM analysis in Figure
9ay, the thickness of 2D MoS» was ~1.2 nm, indicating that the nanosheets in the MoS»
dispersion were composed of one or two layers, irrespective of the surfactant used for
exfoliation. Interestingly, the magnitude and distribution of the potential energy of the
two dispersions (Figure 2-9a1) were similar, but their signs were opposite (CTAB was
positive and SDS was negative). These charges must have been generated by the
interaction between 2D MoS; and the surfactant because there were no ionizable groups
on the 2D MoS,. Guardia et al.>® used a series of nonionic surfactants, including
polyoxyethylene sorbitol monooleate (Tween 80), polyoxyethylene sorbitol trioleate
(Tween 85), PVP, polyoxyethylene (4) dodecyl ether (Brij 30) and so on, to effectively
produce h-BN (Figure 2-9b14), 2D MoS, and WS, (Figure 2-9bs6) suspensions with
long-term stability (several months). It was clear through AFM analysis that the
produced 2D MoS; consisted of platelets with lateral dimensions from fifty to several
hundred nanometers and thicknesses in several nanometers (Figure 2-9byjs).
Unfortunately, the 2D MoS: dispersion obtained by this method exhibited anti-
aggregation properties and its inherent characteristics were degraded to a certain extent

due to the loading and modification of the surfactant.
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Figure 2-9. Digital image of MoS,, surfactant solutions before and after sonication and the zeta
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potential distribution of (a;) as-prepared MoS,-CTAB and MoS,-SDS dispersions. (ax-s) Tapping-

mode AFM images (the height profiles of the sheets along the blue line marked on the images are

indicated in white), electron microscope images (inset: selected area diffraction pattern) and TEM
and HRTEM images of MoS,-CTAB?2. AFM images of platelets exfoliated in water with Tween
80 and deposited onto mica substrates: (bi) h-BN; (b2) MoS»; (b3) WS.,. Histogram of thickness
distribution of the sample in the corresponding AFM image: (bs) h-BN; (bs) MoS2; (bs) WS>,

The ions inserted between the layers can significantly reduce the Van der Waals
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forces between the layers of a layered material, and then the slices can be easily
separated by a simple mechanical external force. Therefore, ion intercalation is
considered an excellent liquid exfoliation method to improve the exfoliation efficiency
of layered materials. For MoS», because its layer spacing is small (~0.65 nm), only
Lewis or alkali metal bases with a small ionic radius can be inserted into the interlayers.
At present, Li" intercalation stripping is the most versatile and effective method for
molybdenite exfoliation, as schematically depicted in Figure 2-10a>*. The method
mainly includes three steps. Firstly, MoS; is immersed in an inert solvent containing n-
butyl lithium to promote the insertion of lithium ions into the interlayer of MoS». The
intercalated MoS> is then immersed in pure water and LixMoS; is hydrolyzed rapidly
to produce a large amount of hydrogen, which causes the interlayer expansion of MoSo.
Finally, 2D MoS; is produced by ultrasonic-assisted stripping™. This method is low-
cost and scalable. However, n-butyl lithium is highly reductive and reacts violently with
water, resulting in serious deformation of the 2D MoS; structure. In addition, the
intercalation reaction time is particularly long, and the insertion amount of Li" in
molybdenite cannot be effectively controlled.

Later, Yeon et al.>

introduced a new strategy for exfoliating nanosheets in an
environmentally-friendly and inexpensive aqueous solution using Na' instead of Li".
The morphology and thickness of 2D MoS; exfoliated with 0.1 M Na" are characterized
in Figure 2-10b;2. The 2D MoS: slices are thin enough to clearly observe film holes
through them, with most being monolayer or bilayer MoS,, according to the AFM
statistics. The bulk MoS» does not show any identifiable emission owing to its indirect
band gap. In contrast, the exfoliated 2D MoS; has a PL peak near 650 nm, which is
similar to that obtained by stripping bulk MoS, with Scotch tape. In addition, a strong
PL peak is observed at 565 nm (Figure 2-10bs), which is considered to originate from
MoS: quantum dots, similar to 0D MoS; observed by TEM in Figure 2-10b4. Similarly,
the electrochemically assisted Li" intercalation method has been used to achieve the

effective stripping of MoS;, as described in detail in the later electrochemical stripping

section.
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Figure 2-10. (a) Schematic representation of the formation of 2D M08254 (bi2) SEM images

(flakes were vacuum filtered on an aluminum oxide membrane) and AFM image of 2D MoS;

(inset: histogram of the number of layers of 2D MoS, measured from AFM images). (b3) PL
spectra of bulk MoS, and 2D MoS:. (bs) TEM images of MoS, quantum dots>®.

In order to achieve green and efficient liquid exfoliation, external forces have also
been developed to prepare 2D MoS,. Usually, grinding and shearing can be used to
separate layers from bulk MoS,, thereby increasing the exfoliation yield of MoS:
(Figure 2-11a). Yu et al.’” used pure water as a solvent, separated bulk MoS; through
the mechanical force between sandpapers in a mechanical sanding machine and
dispersed 2D MoS: in water by a cell grinder, thereby realizing this stripping process.
It is found by SEM in Figure 2-11b,.3 that the exfoliated 2D MoS; is randomly stacked
and the thickness of the sheet is several nanometers. Its transverse size is found to be in
the range of 500 nm to 5 pm by TEM (Figure 2-11b4.), which is consistent with the
SEM results. Lee et al.® dispersed a MoS, powder using ultrasound in a water/ethanol
system and obtained a 2D MoS, supernatant by two-step centrifugation. It was shown
that almost the smallest size of MoS; sheet could be obtained at high centrifugal speed,
with a primary height of 3—4 nm and an average height of ~7 nm through characterizing
the 2D MoS; deposited on a Si/SiO> substrate by AFM. Although the stability of the
obtained dispersions may not be as stable as in organic solvents, these methods can

realize on-site production and avoid the use of organic solvents.
(a) . (b) ESTI (b.)
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Figure 2-11. (a) Typical green exfoliation process of 2D MoS;. (bi-3) SEM and (bs-s) TEM Images

of 2D MoS,Y".

Electrochemical exfoliation. Since MoS: has certain semiconducting properties,
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2D MoS; can be prepared by electrochemical expansion. You et al.”’

reported an
environmentally-friendly electrochemical stripping method for the rapid and large-
scale production of 2D MoS> at low cost for the first time. Schematic diagrams of the
electrochemically expanded MoS» device are shown in Figure 2-12a;.,, where the bulk
natural MoS; and platinum foil are connected to the two electrodes, respectively, and
immersed in a 0.5 M H>SO4 aqueous solution. A potentiostat was used to apply a bias
potential between MoS» and Pt. In the initial stage, a static bias of +1 V was applied to
MoS: for 10 min, which was then increased to +10 V and kept constant for 30 min to
complete the exfoliation process. Finally, 2D MoS: could be obtained by placing the
expanded MoS: in a DMF solution and then stripping the expanded MoS: under
ultrasonic assistance. As shown in Figure 2-12b;.;, the average morphology height of
exfoliated MoS> on the Si/SiO; substrate measured by AFM was ~1.8 nm and the
transverse size was ~10 um. In addition, EDS scans showed only Mo, S and other four
elements, indicating pure MoS> on the Si/SiO> substrate. The sharp, obvious vibration
peaks in the Raman spectrum indicate that it has high crystallinity (Figure 2-12bs.4). By
this method, the obtained MoS; maintains its semiconducting properties, but its large-
scale production remains difficult.

In order to improve the yield of 2D MoS;, Zeng et al. developed a method based
on Li*-assisted electrochemical exfoliation®, which could promote the effective
stripping of MoS». From the flow chart shown in Figure 2-12c, it could be seen that
lithium foil replaced the platinum electrode to become a new anode. When the current
was released, Li" was inserted into the interlayer to reduce the Van der Waals forces
between the layers of MoS:. Subsequently, the MoS, after Li" intercalation was
gradually stripped into highly dispersed 2D MoS; under ultrasonic action. Figure 2-
12d; shows the TEM image of 2D MoS,, illustrating its high dispersion in the aqueous
solution. The electron diffraction pattern in the flat region of the nanosheets (Figure 2-
12d>) and the corresponding HRTEM image (Figure 2-12d3) show the hexagonal lattice
structure with a lattice spacing of 2.7 A distributed to the (100) crystal plane. The AFM
measurement of 2D MoS; showed that its thickness was ~1.0 nm, thereby confirming
the existence of 2D MoS,. In addition, the slices of prepared 2D MoS, were detected
by AFM, with 92% of them found to be monolayers (Figure 2-12e1.4). The most obvious
advantage of this method is that it cannot only control Li" insertion by controlling the
working voltage, but that it also regulates the crystal phase of MoS2 by adjusting the

discharge process of the device.
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Bottom-up methods

Vapor deposition. Both physical vapor deposition (PVD) and chemical vapor
deposition (CVD) have been used to prepare 2D MoS,. In PVD, the material source
(solid or liquid) is vaporized into gaseous atoms or molecules or partially ionized into
ions under vacuum conditions. Thin films are then deposited on the substrate surface
through a low-pressure gas (or plasma) process, which is one of the main surface
treatment technologies. Importantly, PVD is based on magnetron sputtering, meaning
that extremely thin 2D films can be grown on very large areas of various substrate
materials. Moreover, PVD has significant advantages in precisely defining the atomic
scale, thickness control and interface cleanliness when processed in an ultra-high

vacuum environment.
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Figure 2-12. (a;) Stereogram and (a2) schematic illustration of 2D MoS; electrochemical
exfoliation experiment setup. (b1) AFM image, (b2) TEM image (inset: higher resolution TEM
image) %, (bs) SEM-EDS and (bs) Raman spectroscopy of 2D MoS;. (¢) Electrochemical lithiation
process for 2D MoS,. (di) TEM image, (d2) SAED pattern and (d3) HRTEM image of 2D MoS»
and (e1.3) AFM images and (e4) height distribution of 2D MoS,%.

Nevertheless, the demands for controllable size, thickness, morphology and
scalability have led to the dominant usage of CVD. CVD has been recognized as one
of the preferred methods for preparing large-sized 2D MoS» with high crystal quality
and uniform thickness. The main process is summarized as follows. The precursor

containing Mo and S is decomposed into corresponding gaseous molecules under high
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temperature and specific atmospheric conditions, and then the reaction deposition is
carried out on the substrate to generate 2D MoS>. Among them, the most common is
atmospheric pressure CVD (APCVD) with MoOs as the precursor. Of course, in
addition to MoOs, the molybdenum source mainly includes MoCls and elemental Mo®!,
while the sulfur source is mainly sulfuring powder. Generally, MoO3 and sulfur powder
are placed in a single-zone tube furnace to effectively CVD grow MoS; on the substrate
in an inert gas atmosphere (Figure 2-13a). The reaction proceeds as a step-by-step

vulcanization process described by three intermediate reactions®?

2Mo0; + S - 2Mo0, + SO, (1)
2Mo0, + 5S —» 2Mo0S, + SO, 2)
2Mo0S, + S - 2MoS, + SO, 3)

Perkgoz et al.®® used APCVD to grow monolayer 2D MoS; and the deposition
duration and temperature effect were systematically changed to better understand MoS;
deposition and the influence of these parameters on the quality of the monolayer sheets.
Figure 2-13b1.4 displays the TEM/HRTEM and SAED images of 2D MoS; to further
understand its growth structure under better conditions. It can be seen that 2D MoS»
with triangular and “chip” shapes were successfully grown, corresponding to the
periodic atomic arrangement shown in Figure 2-13bs. The symmetry of the diffraction
spots, as shown in Figure 2-13b4, indicates that the monolayer sheets were continuous
single crystals with no rotational boundary, illustrating the high crystallinity of 2D
MoS:. Although the use of APCVD can achieve grain sizes of up to hundreds of microns
of all-round growth, the process is seriously affected by many restrictions, such as
overall thickness control, coverage uniformity and repeatability of operation. The
variation in the characteristic morphology is related to the relative content of the
precursor loaded into the reactor, leading to the consistency of the coverage and feature

size remaining a challenge.

Insulation Chamber
Calc
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Figure 2-13. (a) CVD system for deposition of 2D MoS;. (bi2) TEM images, (b3) periodic atomic
arrangement and (bs) SAED pattern of 2D MoS,%.

Metal-organic/organometallic chemical vapor deposition (MOCVD/OMCVD) is
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a new technology in which the gas molecules of organometallic compounds are sent to
the reaction chamber with a carrier gas and undergo thermal decomposition reactions
to form the compound. The first two letters, “MO” or “OM?”, refer to metal-organic or

1.9 used

organometallic as the precursor for the growth of sheet. Chowdhury et a
Mo(CO)s, a metal-organic compound, and (C2Hs)»S as precursors, which were kept in
bubblers in APs at 45 °C and room temperature, respectively (Figure 2-14a). A large
area of 2D MoS; was then deposited in a furnace at 850 °C for 1 min through a needle
valve, which was uniformly covered and non-polluting on the whole substrate. The
Raman spectrum in Figure 2-14b; exhibits that there are two different peaks at ~386
and ~406 cm™!, which are consistent with the vibrations of the Mo-S phonon mode Ex,'
(in-plane) and Aig (out-plane), respectively, thereby proving the existence of MoS,.
After vulcanization (Figure 2-14b>), most of the defect-induced peaks in the growth
samples disappeared, indicating that the defect density decreased and the crystal quality
improved.

Liu et al% designed a bifunctional precursor, molybdenum
dimethyldithiocarbamate (Mo-DMDTC), which is a metal-organic compound. The
CVD diagram is displayed in Figure 14c. It is clear that Mo-DMDTC decomposes at
elevated temperatures, providing a Mo source for the CVD growth of MoS,.
Importantly, the presence of organic compounds reduces the free energy of MoS:
nucleation on the substrate, namely, organic promoters, which also greatly promote the
growth of MoS; (Figure 2-14d;). The UV-vis spectra (Figure 2-14d;) show that when
the molar ratio of DMDTC and Mo>" reached five, the absorbance was close to
saturation, indicating that the coordination number of Mo was close to five. A large area
of triangular 2D MoS; with a length of 20-30 pm, was obtained on a sapphire substrate
based on CVD, as shown in Figure 2-14ds. The thickness scan analysis of AFM
suggested that the thickness of triangular MoS,; was ~0.65 nm, corresponding to
monolayer MoS: (Figure 2-14ds).

In order to prepare large-sized and uniform 2D MoS: with excellent electrical
properties, researchers have subsequently proposed the thermal decomposition of
precursors containing both molybdenum and sulfur atoms. Compared with MoO3 and
MoCls, the method based on the pyrolysis of (NH4)2Mo0S4 to grow 2D MoS; has the
advantages of a single precursor source and large growth window and therefore the
potential for large-scale production. Fei et al.®® in-situ observed the thermal
decomposition of (NH4)2MoS4 and subsequent 2D MoS» crystallization behavior by
TEM (Figure 2-15a). The pattern evolution with increasing temperature, as exhibited
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in Figure 2-15b14, was clearly observed by SAED. From room temperature (25°C) to
400, 780 and then 900 °C, the pattern displays no diffraction ring, a fuzzy diffraction
ring, a sharper bright diffraction ring and then a discrete diffraction ring, respectively.
In summary, the crystallization of MoS: occurs at 400900 °C in the vacuum, the crystal
size of MoS; increases rapidly after 800 °C and MoS; finally decomposes at high
temperature. The reaction equation of (NHs)>:MoSs pyrolysis to MoS; in a N
environment is shown as follows:
(NH4),MoS, - 2NH; + H,S + MoS; (120 —360°C) (4)

MoS; = MoS, + S (> 800 °C) (5)
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Figure 2-14. (a) Schematic of MOCVD growth system®. Raman spectrum of MoS; films (b;)
before and (b) after sulfurization at 850°C for 30 min (inset: SEM image of a triangular MoS,
domain following sulfurization). (c) Schematic of 2D MoS; synthesis. FTIR spectra of Na-
DMDTC and (di) Mo-DMDTC. UV-vis absorbance (at 210 nm) of the mixture of Na-DMDTC
and (d2) MoCls with varied molar ratios. (d3) Optical image of 2D MoS;. (d4) AFM image of 2D

MoS, marked with a square box®.

The average grain size of MoS: increases with increasing temperature (820—
850°C), i.e., it is 3.2 nm at 820°C, 6.5 nm at 840°C and 18.5 nm at 850°C (Figure 2-
15d1). The same test result can also be observed in the in-situ TEM images of Figure 2-
15c14. Figure 2-15d; exhibits the in-situ Raman spectra of the fresh chips, including
the (NH4)2MoS4 precursor and the grown MoS: (annealed at 850 °C for 30 min). Notice
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that the peak intensity of E'z, is over 50% of the Ay, peak, suggesting the horizontal
growth of MoS,. The distance between the two Raman peaks is ~25.5 cm’,
corresponding to four to five layers of MoS,. Compared with other preparation methods,
the vapor deposition method can be used to prepare single- or few-layer MoS; with a
large diameter, and the synthesized 2D MoS> has the advantage of high crystallinity.

However, the operation process of this method is extremely complex and the energy

(a) e

Metal contact ™ Insulator

W Si;N; membrance ™ Sjlicon

consumption is very high, so it is still unable to realize the mass production of 2D MoS.
® Solid precursor

(b,) (b,) (bs) (b,)
b b b> g

Figure 2-15. (a) Schematic side view of experimental setup of in-situ TEM heating stage. (b1-4)
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Evolution of SAED patterns across a wide temperature range: (b) 25°C; (b2) 400°C; (bs) 780°C;
(bs) 900°C. (c1-4) TEM images showing the size of 2D MoS; increasing with increasing
temperatures: (c1) 800°C; (c2) 820°C; (c3) 840°C; (c4) 850°C. (d;) Statistical distribution of 2D
MoS; size as a function of heating temperature from ci4. (d2) Raman spectra of silicone chip,

(NH4)2MoS4 precursor and as-grown MoS,%°.

Hydrothermal/solvothermal method. Hydrothermal/solvothermal syntheses are
typical bottom-up methods that are widely used in the synthesis of 2D MoS;, owing to
their simplicity, high efficiency and strong adaptability. Generally, the Mo source (e.g.,
MoOs3, ammonium molybdate or sodium molybdate) and S source (e.g., sulfur powder,
KSCN or thiourea) are dissolved in an aqueous solution/organic solvent at a certain
ratio. The solution is then transferred to a sealed reactor and kept at ~200 °C for a certain
period (several to more than ten hours), with 2D MoS» then obtained after the reaction.
According to the different precursor or preparation conditions (temperature, solution
pH, and so on), a variety of nanostructured MoS, can be easily obtained, including
granular, flakes, flower-like microspheres and so on. 2D MoS: can be obtained by the
hydrothermal treatment of ammonium tetrathiomolybdate at 350°C in different solution
pH values and the SEM images are shown in Figure 2-16a13%’. The samples prepared

at pH of 4.5 are composed of aggregates that are irregularly shaped and interconnected
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(Figure 2-16a1), while the samples prepared at pH 7 are composed of particles with
different shapes, rather than aggregates (Figure 2-16az). In contrast, the samples
prepared at pH of 9.5 are flower-like, consisting of petals with a thickness of 10 nm and
lengths of 100-200 nm (Figure 2-16a3). These petals aggregate to form microspheres
of 300400 nm, with an increase in pH from 4.5 to 9.5, leading to the aggregation of
thin nanosheets into flower-like MoS,.

Furthermore, 2D MoS> can also be grown on carbon felt using phosphomolybdic
acid and thiourea at different temperatures, as shown by the macroscopic SEM images
in Figure 2-16b;3 and the corresponding microscopic SEM images in Figure 2-16b4®®.
The structure of MoS>-180°C is a well-assembled multi-faceted nanoflower with a
diameter of 200-300 nm, which is composed of crosslinked nanosheets. As the
temperature rises to 240 °C, 2D MoS; aggregates into larger particles and forms clusters
on the surface of the carbon fibers. The three samples all have a 2D layered structure
and the stacking structure becomes more obvious with increasing synthesis temperature.
In addition, Wu et al.** used CTAB as a surfactant to assist in the preparation of 2D
MoS; with various shapes under different growth conditions, including hollow,
nanosheets and flower-like (Figure 2-16ci3). Figure 2-16c4 shows that the
nanomaterials are composed of Mo and S with a stoichiometric ratio (Mo:S) of 1:2,
with no other elements detected by EDS, indicating pure MoS..

Interestingly, 2D MoS» with a special shape was obtained by the hydrothermal
treatment of sodium molybdate dihydrate and thioacetamide at 200°C for 36 h, as
indicated by the SEM and TEM measurements in Figure 2-16d:2, which reveal the
morphology of the product’®. Finally, 2D MoS, with a diameter of ~200 nm and an edge
thickness of ~10 nm is observed, which is similar to morphology of radar. Furthermore,
the solvothermal method is also a simple and efficient method to synthesize 2D MoS..
Chen et al.”! synthesized ultrathin 2D MoS; with ammonium molybdate tetrahydrate
and thiourea assisted by polyethylene glycol (PEG). 2D MoS: prepared with PEG and
pure water, as solvents, was labeled as MWP-MoS», pure water was PW-MoS» and pure
PEG was PP-MoS». The prepared PW-MoS; was clustered and composed of densely
stacked nanosheets. MWP-MoS» showed a highly folded surface and layered structure.
For PP-MoS,, the agglomeration of nanoparticles was observed and was obviously

composed of randomly oriented layers rather than regular stacked layers (Figure 2-16ei-

3).

28
Rare and precious metal recovery at a low concentration via chemisorption and electrosorption coupling process



Dissertation-PCI. Weiquan Zhan

Figure 2-16. (a;:3) SEM images®’” of 2D MoS, prepared at pH (a1) 4.5, (a2) pH 7.0 and (a3) pH 9.5.

(b1-s) SEM images of (b1,4) M0S»-160°C, (b2,5) M0S,-180°C and (b3 s) M0S>-240°C before
inoculation®®. (c13) SEM and (c4) EDS spectrum of as-prepared MoS,%: (¢1) flowerlike; (c2)
nanosheet; (c3) hollow MoS,. (d1) SEM image of MoS; RNPs. (d2) TEM image of an MoS; RNP
(the inset images reveal that the edge thickness was ~10 nm)°. (e;-3) SEM images of (e1) PW-
MoS,, (e2) MWP-MoS; and (e3) PP-MoS,"".

2.3.3. 3D MoS>-based materials

Despite a large number of approaches for the synthesis of 3D MoS»2-based
materials having been developed, a clear classification has not yet been established.
Here, the synthetic strategies for 3D MoSz-based materials are briefly outlined and
divided into three types, namely, template-based, self-assembly and sol-gel methods.

Template-based method

2D MoS:> can be anchored on the surfaces of some templates (including sponge,
aerogel and carbon matrix) that possess a 3D architecture via the hydrothermal method,
CVD or impregnation method’>”*. Benefitting from the facile preparation process, the

structural and physical properties of 3D MoS»-based materials can be easily modified
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by changing the template. Zhu et al.”

prepared a 3D-MoS; sponge by anchoring MoS;
nanosheets and graphene oxide (GO) on the skeleton of a sandwich-structured sponge
via a simple two-step impregnation method. A blank melamine sponge was dipped into
MoS: and GO alcohol solutions in sequence to obtain a 3D sponge@MoS2@GO after
a simple heat treatment at 200 °C in an oven for 6 h (Figure 2-17a). This material could
adsorb organic molecules and provide multidimensional electron transport pathways,
as well as exhibit excellent performance in the degradation of aromatic organics. A 3D
porous MoSa/chitosan aerogel with excellent mechanical strength and stability was

constructed by anchoring MoS: to the surface of the chitosan aerogel’

. Benefitting
from the superior photocatalytic performance and porous networks, which promote the
mass transfer and shorten the diffusion pathway of the substances, the MoS:/chitosan
aerogel can effectively recover gold from a thiosulfate solution via the direct in-situ
reduction of Au(I) to Au’ under sunlight.

In order to improve the application performance of MoS» nanosheets in lithium-
ion battery anodes and water electrolysis, 2D MoS; can be anchored on the skeleton of

)76, carbonized

a conductive 3D matrix, such as 3D porous carbon aerogels (CAs
cellulose aerogels’’, 3D nickel and CAs’8, graphene foam’ and carbon cloth®®, which
avoids the aggregation and restacking of 2D MoS; and ensures the fast transport of both
electrons and ions during the electrochemical process. A CA was synthesized by Zhang
et al. through the combination of a sol-gel process and high-temperature carbonization
and 2D MoS; was subsequently decorated on its skeleton via a solvothermal treatment
to obtain a MoS2/CA aerogel (Figure 2-17b-€)’S. The resulting composite was
carbonized at 900°C to obtain a lightweight MoS2/CNF aerogel with a hierarchical
structure (Figure 2-17f-h)®!. A novel 2D spatial confinement strategy to in-situ
fabricates 2D MoS: anchored on 3D porous carbon nanosheet networks was
demonstrated by Zhou et al., in which highly crystalline MoS» nanosheets with five or
fewer layers very homogeneously and tightly lie on the surface of carbon nanosheet
walls (with thickness a =3 nm)®2. The novel 3D architecture composite exhibited an
outstanding long-life cycling capability at high rates, i.e., a specific capacity as large as
709 mAh g was delivered at 2 A-g”! and maintained at ~95.2% even after 520 deep

charge/discharge cycles.
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Figure 2-17. Synthetic pathway of (a) sponge@MoS>@GO and (b) SEM images of sponge, (c)
sponge@MoS; and (d) sponge@MoS@GO’. (¢) Schematic of MoS,/CA hybrid preparation’s.

Schematic of (f) MoS»/CNF aerogel fabrication and (g) SEM image and (h) physical appearance
of MoS,/CNF-2-900 aerogel®!.

Self-assembly

3D MoS»-based materials have been frequently fabricated with the assistance of
GO, owing to its self-assembly feature during the reduction process. When a MoS;
suspension is mixed with a GO suspension, 2D MoS; is prone to deposit on the surface
of GO. With a decrease in the oxygen-containing group content on GO during thermal
or chemical reduction, the hydrophobicity and internal n-n interactions between GO
nanosheets are enhanced, resulting in the aggregation and formation of a MoS»-

183

graphene hydrogel®’. Finally, MoS>-graphene aerogels can be obtained after freeze-

drying. 3D MoSz/graphene aerogels are mainly applied in supercapacitors and
lithium/sodium-ion batteries because the constructed 3D architecture facilitates

electrolyte ion transport and improves the electrochemical performance through electric

double-layer and faradaic pseudo-capacitance®**°.
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3D hybrid aerogels of MoS, nanosheet/nitrogen-doped graphene (3D MoS2/N-
GAs) with a large surface area and high electrical conductivity were fabricated by Liu
et al. using urea as a reductant (Figure 2-18a)*’. A 3D free-standing cylinder was
obtained after the reaction, in which the MoS> nanosheets were uniformly anchored
onto graphene sheets with interconnected pores ranging from several nanometers to
several micrometers (Figure 2-18b, 2-18c, and 2-18d). When used as a supercapacitor
electrode material, this hybrid aerogel exhibited an excellent specific capacitance of
532 F/g at a current density of 1 A/g and superior cycling stability of 93.6% capacitance
retention after 10000 cycles at 10 A/g, which was significantly higher than those of 2D
MoS; and nitrogen-doped graphene aerogels alone.

To reduce the reliance on polymeric binders, conductive additives and metallic
current collectors during the electrode preparation process, as well as to assess the true
performance of lithium-ion battery anodes, a MoS;-anchored graphene aerogel paper
(MGAP) was synthesized by Lee et al. via a self-assembly and compression process
(Figure 18¢)®. The fabricated MGAP, with a density of 0.47 g cm™ and a surface area
of 5.5 m? g'!, was able to undergo 180° bending (Figure 2-18f) and MoS, was
successfully incorporated into the aerogel paper (Figure 2-18g). Another method of
one-pot freeze-drying self-assembly combined with in-situ thermal decomposition-
reduction for 3D MoS/graphene aerogel preparation was proposed by Wang et al.®,
with significant potential for scale-up. A precursor aerogel was first constructed via the
self-assembly of (NH4)sM07024 and CH4N:>S-loaded GO nanosheets. Upon the
subsequent in-situ thermal decomposition-reduction treatment process, (NH4)sM07024
and CH4N>S were decomposed to MoO3/NH3 and NH3/H>S, respectively (Figure 2-
18h). MoOs; was subsequently in-situ reduced to MoS: by reacting with H.S and GO

was reduced to graphene nanosheets (GSs), giving rise to the final MoS2/GS aerogels.
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Figure 2-18. (a) Schematic of the synthesis process of 3D MoS2/N-GA porous aerogel hybrids.
SEM images of (b) N-doped graphene aerogel (c-d) and 3D MoS,/N-GAs®’. (e) Schematic of
MGAP fabrication process and (f-g) photographic and SEM images of MGAP®. (h) Schematic of
the fabrication process of MoS»/GS hybrid aerogels®.

Sol-gel method

3D MoS»:-based materials can also be fabricated via a sol-gel process and
subsequent drying to remove the solvent. During the typical process of gelation, the
sol-gel transition of MoS; nanosheets creates a 3D network by polymeric binders
through physical or chemical crosslinking®®®!. A method of vacancy-driven gelation to
obtain chemically crosslinked hydrogels from defect-rich MoS> nanoassemblies and

1'92

polymeric binder was reported by Jaiswal et al.”*. The defects of MoS; nanoassemblies
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acted as active centers for vacancy-driven gelation with a thiol-activated terminal, such
as four-arm poly(ethylene glycol)-thiol(PEG-SH) via chemisorption, forming an
elastomeric and robust gel (Figure 2-19a). The MoS; nanoassemblies were completely
encapsulated by PEG-SH, endowing a remarkable mechanical resilience for the PEG—
SH/2%MoS; hydrogel that could be stretched, bended and twisted easily (Figure 2-19b).
Furthermore, the hydrogel had an interconnected porous network with a pore size of
~10 um (Figure 2-19¢ and 2-19d).

The lack of connecting/bonding sites in the part of functional groups greatly limits
the construction of high-quality MoS; aerogels. The functionalization of 2D MoS, was
achieved by Wang et al. via the self-polymerization of dopamine monomers, rendering
MoS; nanosheets rich in functional groups, such as catechol, amine and imine®>. A 3D
MoS; aerogel could then be facilely constructed under the crosslink of the
functionalized MoS: nanosheets and chitosan (Figure 2-19¢). The resulting MoS;
aerogel could stand on a flexible cedar leaf without changing its original shape,
revealing the high porosity and ultralight properties of 3D MoS,. Furthermore, Mo*"
was presented in metallic MoS2, which links with carboxyl (-COOH) and hydroxyl (—
OH) groups in the cellulose chains to form crosslinked metal-carboxylate complexes.
These complexes allowed the 2D MoS; to effectively encapsulate the cellulose
nanofiber (CNF) at the nanoscale, based on which Yang et al. synthesized an ultralight,
highly porous CNF/MoS: aerogel with good mechanical strength via a combined sol-
gel and freeze-drying process (Figure 2-19f)°*.

Due to the encapsulation of 2D MoS» by polymeric binders, the catalytic activity
and conductivity of 3D MoS; prepared by the sol-gel method may be weakened, thereby
restricting its application in the fields of supercapacitors, lithium-/sodium-ion batteries
and electrochemical hydrogen production. Therefore, these 3D MoS; aerogels are
primarily applied in the field of solar desalination, fire retardants and microwave

adsorption®® with the utilization of their physical properties.
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Figure 2-19. Schematic of (a) PEG-SH/MoS; hydrogel synthesis mechanism and (b) photographs
and (¢, d) SEM images of PEG-SH/MoS; hydrogel®?. (¢) Schematic of preparation strategy of 3D
MoS; aerogel®. (f) Schematic of the growth process of CNF/MoS, aerogel®*.

2.4. Modification
2.4.1. Modification for surface defects

The crystal anisotropy of MoS> makes it exhibit discrepant properties between
“surface” and “edge” sites. In particular, the “edge” sites show more active chemical
reactivity, such as adsorption®®, photocatalysis”’ and electrochemistry®®, which is
beneficial for their applications in relevant fields. Based on this characteristic of the
MoS:; structure, executing defect engineering on “surface” sites to induce more neonatal
“edge” sites represents an effective method for the optimization of chemical

performance. In the past few decades, numerous studies regarding defect-modified
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MoS; have been reported, thereby illustrating the importance of defect engineering in
current MoS; research. According to the dimensionality, the defect types in MoS2 can
be mainly classified into two categories: (1) point-like defects and (2) plane-like defects.

Point-like defects. Point-like defects in MoS> include anionic, cationic and hybrid
vacancies, which are generated from the movement of lattice atoms from their original
sites, i.e., internal defects. The existence of point-like defects destroys the crystal lattice
of MoS,, leading to the regulation of its chemical properties and electrical
configuration®. So far, numerous studies have attempted to produce point-like defects
in MoS,.

Point-like defects in MoS» can be induced by the irradiation of particles, i.e.,
irradiation-induced defects. Normally, particle irradiation is produced from special
equipment, such as a tandem accelerator. As illustrated in Figure 2-20a, when particles
with high energy are shot at the MoS; surface, the lattice atoms passively release from
their original sites to leave point-like defects in the crystal structure!%’. Importantly, the
density of the point-like defects is accurately regulated by controlling the irradiation
strength. As shown from the high angle annular dark-field (HAADF) images in Figure
2-20b, with increasing Ca" irradiation strength, it can be seen that the quantity of point-

191 Various sources of

like defects (the black holes in the images) gradually increases
radiation, including heavy ions, electrons, protons, X-rays, gamma rays, ultraviolet

light and infrared irradiation, have been carried out with this technique'®.
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Figure 2-20. (a) Schematic of inducing defects in MoS; by irradiation'®’, (b) HAADF images of

MoS; after Ga" irradiation under various strengths!?',

Heavy ions with high energies are generally accelerated by particle accelerators.
Mishra et al.!® used a Ga flux beam under ultrahigh vacuum conditions to irradiate
MoS:>. As a result, the Raman signals and XPS spectra of the Mo-3d orbital exhibited
an obvious shift, revealing that the original atoms in MoS; were replaced by Ga atoms.

4

Furthermore, other heavy metals, including uranium'®, xenon'®’, bismuth!*® and

manganese'?’, have also been adapted to irradiate MoS: and successfully induce point-
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like defects on its surface. In addition, similar procedures to induce point-like defects
have been carried out by using other irradiation particles. In conclusion, although the
generation of point-like defects in MoS; by particle irradiation is a mature technique, it
requires specialistic equipment, which limits its popularization.

In addition, the hydrothermal method is another technique to prepare MoS, with
point-like defects. During the synthetic procedure, the precursors of Mo and S are firstly
dissolved in water and transferred into a closed container. Subsequently, MoS» crystals
form and gradually grow under an environment of high temperature and pressure. It is
noteworthy that the microstructure of synthesized MoS» can be regulated by adding
different molar ratios of the Mo and S precursors. Normally, when the molar ratio of
Mo and S atoms breaks the balance of 1:2, point-like defects will form in the MoS;
structure. MoS> samples with different concentrations of point-like defects were
synthesized via a hydrothermal method by Chen et al.!® and the majorization of the
piezoelectric response for gold recovery was realized. Furthermore, according to the
report of Jayabal et al.!%, 1T-MoS; samples with point-like defects were prepared using
a hydrothermal strategy and exhibited excellent performance in the hydrogen evolution
reaction. As a consequence, point-like defects produced by the hydrothermal technique
were executed by only using a Teflon-lined stainless-steel autoclave, making it a facile
method for wide research applications.

Plane-like defects. Compared to the formation of point-like defects, the generation
of plane-like defects in MoS» requires more energy from the environment to destroy the
crystal structure, thus to form a large area of vacancies. As a common method, thermal
annealing is an effective method of inducing large-scale edges through the etching of
the MoS: crystal. By simply undergoing heating, plane-like defects could be induced
in MoS;. Importantly, the degree of defects can be regulated through the selection of
reaction atmosphere and temperature. Jia et al. studied the formation rule and
mechanism of edge defects in MoS through thermal treatment!!®. As shown from the
AFM images in Figure 21, MoS: displays different areas of plane-like defects after
thermal treatments under various conditions. A larger etched area is induced at higher
temperature and oxygen content in order to achieve good control of plane-like defects
in MoS,. Meanwhile, the shape of the defects oriented to equilateral triangular pits,
which was ascribed to the trigonal prismatic 2H phase of MoS,''!. Relevant research
has been reported for further understanding the technique mechanism and a similar
conclusion was reached!'”!'*. Using this thermal treatment method, numerous
properties of MoS, have been improved and widely applied in desalination''* and
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adsorption®.

10 um
Figure 2-21. AFM images of MoS; after thermal treatments under different conditions ((a) Origin
MoS;; (b) 400°C for 2h in air; (¢) 500°C for 2h in air; (d) 500°C for 3h in N,!1°.

2.4.2. Heteroatom doping

Heteroatom doping is an effective method to tune both the chemical and physical
properties of MoS>. Dopants in MoS: can substitute at either the Mo or S site.
Furthermore, they can exist at the surface or as adatoms on the basal plane or an edge
on an MoS; sheet. Dopants occur in some high symmetry sites, for example, atop S,
atop Mo and at the center of a hexagonal hollow?.

Doping atoms affect the local structure, lattice parameters and even the overall
crystal structure of MoSz. For instance, the intercalation of Li atom changes the crystal
structure type from 2H to 1T, and the substitution of Mo by Nb changes it from 3R to
2H. Furthermore, the crystal and morphology are influenced by dopants through kinetic
or thermodynamic effects. Many synthetic processes occur in non-equilibrium
conditions, so theoretical studies are complicated.

Dopants can generally be considered in the context of the following factors. One
important factor is whether the ionic radius of the doping atoms is similar to the radii
of the Mo and S atoms. Whether the doping atoms possess similar bond lengths with
Mo or S compared with the corresponding bond length in MoS: is another vital point.
Doping atoms are chosen as a 4+ oxidation state to fit the Mo site and a 2- oxidation
state to fit the S site. With regard to intercalated dopants, the atoms are neutral. In
synthetic conditions, the doping location can be controlled by adjusting the chemical

potentials of Mo, S and the dopant; for instance, an S-rich environment will benefit the
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substitution of Mo. Possible dopants include transition metals and chalcogens!!>~1%,

Since 2013, many researches have attempted to dope heteroatoms into MoS» and
doping methods based on the following three strategies have been established!?’:

(i) Charge transfer doping, where the type and concentration of photoelectrons
can be regulated by surface charge transfer that is realized by depositing and adsorbing
small molecules and polymers on the surface of MoS;;

(i) Substitutional doping, where dopants are introduced to replace Mo or S atoms
to regulate the band structure and transport characteristics of MoS> by forming in-plane
covalent bonds during or after growth, and the material properties are further enriched
by introducing heteroatoms;

(iii)Intercalation doping, where the structure and electrical transport
characteristics can be controlled by the interlayer insertion of atoms, molecules or ions.

Charge transfer doping. Charge transfer doping is realized by either physical or
chemical interactions between dopants and the supporting material, and the dopants
originate from gas (O2 and NO»), metal or compound molecules. Dopants can attach to
MoS; via adsorption, deposition and spin and dip coating. The doping degree can be
determined by Raman spectroscopy, the PL peak position and intensity charge, the XPS
peak position shift, the change in source-drain current-gate voltage response in
electrical measurements, Hall measurements and so on'?°. The activity of the charge
transfer direction is governed by the difference at the Fermi level (Ef). The main
experimental methods to characterize the doping effect include determining the type
and which created by the dopants and supporting materials (Figure 2-22a)'!®. If the Er
of the dopants is lower than that of the supporting materials, electrons will be
transferred from the supporting materials to the dopants, i.e., p-type doping. In contrast,
n-type doping is based on the electron transfer from dopants to supporting materials.
Generally speaking, the interaction regarding charge transfer happens on the interface
of any adjacent media, like particle ions, surface atoms, molecules and supporting
materials®>!?7"12%_ The advantage of charge transfer doping is enhancing the electronic
behavior of semiconductors whilst avoiding lattice distortion and high mobility
transport.

The main purposes of charge transfer doping are changing the work function of
the material and reducing the Schottky barrier between the material and electrode with
an improvement in device performance'?’. It also regulates the type and concentration
of carriers in the channel to obtain high-performance devices with electrons (n-type) or
holes (p-type) as the main carriers or to construct space charge regions (p-n junction)
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to provide basic structural elements'®!. Finally, charge transfer doping can be used to
turn the field-effect transistor by constructing a steep in-plane tunneling junction with
high heterogeneity.

Gas molecules are often adsorbed on the surface of MoS: and then turn the optical
and electronic behavior of the supporting materials'*?. This characterization is applied
in gas sensing, in which semiconductor materials are employed as the sensing
channel!*. The simplest method of gas-phase doping is to directly expose MoS; to a
target atmosphere. The usual interaction is physical adsorption via weak van der Waals
interactions, where desorption is possible. During thermal annealing in a vacuum, the
exposure effect will be strengthened. This process can clean unnecessary contaminants
and increase the concentration of S vacancies, which promote the adsorption of gas
molecules.

Tongay et al.!** found that after exposing MoS> to various atmospheres, such as
02, H>0O, ambient and inert gases, the PL intensity in n-type MoS> was obviously
enhanced because of the depletion of electrons and the suppression of non-radiative
recombination (Figure 2-22b, and 2-22c¢). The PL intensity is much higher than that
under a vacuum and increases by 10x, 35x and 100x after exposure to H>O, O and air,
respectively, and the peak shifts from 1.84 to 1.88 eV. However, the PL intensity and
peak position remain unchanged when the air is changed to Ar and N>. When the inert
gas contacts the surface of MoS,, there is no charge transfer due to the stable electronic
structure, so it is very difficult to gain and lose electrons, meaning that it cannot play a
role in regulating the PL intensity and position'**. Later, Nan et al. demonstrated the
reinforced modulation of the PL emission of MoS> through chemically bonded Oz in a

mild plasma treatment'®®

. Although physical adsorption is a reversible method for
quantitatively adjusting the doping concentration through controlling the gas pressure,
it cannot meet the requirements for preparing controllable and stable doping materials

due to its poor adsorption ability.

131 137,138

Metal and metal compounds'®!, like ion complexes'*® and oxides , can be
applied to decorate the surface of MoS». In general, evaporation and solution case
methods that are compatible with existing patterning techniques are applied for
decorating MoS:. It has been proved that choosing the dopant sources according to their
work function can be used to predict the electrical doping behavior. Sarkar et al. studied
the electrical doping of MoS; via various noble metals, such as Au, Ag, Pd, Pt, Sc and
Y'3? All the metals with large work functions (44.6 eV) were doped into MoS,. Of
these metals, Sc exhibited only a slight depletion effect, while Y induced electron
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doping behavior with the lowest work function. This phenomenon demonstrates that
the dopants with higher work functions have a tendency to act as p-type dopants.
Potassium has a strong ability to supply electrons for most surfaces due to its low

electron affinity'*. Fang et al.!®!

first reported an n-type-doped thin layer of MoS:
based on surface charge transfer by depositing potassium atoms on the surface of MoS»
via vacuum thermal evaporation and controlling the adsorption amount (Figure 2-22d).
The transfer curve before and after doping (Figure 2-22¢) shows that the device has a
large switching ratio (lon/off > 105) before doping. When the channel was completely
evaporated of potassium atoms, the source leakage current increased by five orders of
magnitude, close to milliamps. Moreover, the source-drain current was almost saturated,
indicating the transfer of electrons from potassium to the surface of MoS». The surface
change density of potassium-doped MoS: reached 1.0x10'* cm™. Although the surface
charge density of MoS: is greatly improved after potassium doping, the current
switching ratio significantly decreases. Furthermore, its poor stability limits its practical
application, owing to the facile reaction between potassium and Oz and H>O.

In addition to potassium, other materials, such as fullerenes (C60) and
molybdenum trioxide (MoO3)'*!, have been doped on the surface of MoS>. Lin et al.!#?
researched the effects of C60 and MoOs on the surface charge of MoS; via vapor
methods. Since the lowest unoccupied electrons of the energy level in C60 is higher
than the CB of MoS», the electron transfer from MoS; to C60 is prevented. Furthermore,
the p-type doping effect is not produced and the mobility does not decrease, indicating
that C60 can be used as an effective protective film. When MoOjs is used as the covering
film, the threshold voltage increases from 0 to 70 eV, indicating that MoOs significantly
reduces the charge on the surface of MoS; and is a suitable p-type dopant. Cs2CO3, as
an electron injection layer in organic light-emitting diodes, has the ability to provide
electrons and produce a strong n-type doping effect on different organic semiconductor
materials. Rai et al.'*® spin-coated amorphous titanium oxide in a solution-gel state on
the surface of MoS; and found that the electron mobility was as high as 83 cm?> Vs’
after doping at room temperature and the intrinsic mobility at 77 K is as high as 501
cm?>V'!s!. Simultaneously, they reported that only when titanium is in excess,
amorphous titanium oxide with oxygen holes has the doping effect because the extra Ti

atoms can generate additional energy levels at the bottom of the CB.
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Figure 2-22. (a) Behavior of charge transfer doping!'8. (b, ¢) Modulation of PL property of MoS;
via exposure to various gas atmospheres and the change in exciton and non-radiation

recombination'34. (d-e) Electrical characteristics of K-doped MoS,!3!.

In addition to the above methods for achieving surface charge transfer based on
gas-phase physical adsorption, surface evaporation or spin coating, solution immersion
is also a simple and effective method to achieve the adsorption of doped molecules on
the surface of MoS,'*. Du et al.'*® soaked MoS in a methanol solution containing
amino-rich polyetherimide. The in-plane and contact resistance decreased from 19.99
and 5.06 kQ'm™! to 7.65 and 4.57 kQ'm™!, respectively. After doping MoS,, it also has
good air stability.

Charge transfer represents a simple and effective doping method to improve the
concentration of surface carriers or change the type of carrier in MoS,. When n-type
MoS: is doped with an electron-donating dopant, such as an amino group, the electron
concentration of the surface of MoS> reaches the limit of electron concentration. When
patterned p-type doping is carried out with highly electronegative dopants, such as O
and F, homogeneous p-n junctions can also be constructed. Compared with
substitutional doping, surface adsorption does not destroy the structure of MoS> and
only transfers the charge; thus, the structure of MoS; is more complete. The
experimental method of charge transfer doping has also been expanded from gas
physical adsorption to solution-phase adsorption, which needs to be further developed
in the future to meet the requirements of large-area, controllable, air stable and other
practical applications.

Substitutional doping. Substitutional doping involves the replacement of the Mo
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and S atoms in MoS; with cationic and anionic elements of comparable radii'*®!47, After
doping, the generation of n- or p-type MoS, depends on the number of valence electrons
of the dopants. Substitutional doping requires significant energy because of the
replacement of heteroatoms for Mo or S atoms and the bonding of heteroatoms with
Mo and S atoms around. There are two main methods to realize substitutional doping.
One is in-situ doping in the growth process. The other is the creation of vacancies by
post-processing, with heteroatoms introduced to fill the vacancies.

Both the bottom-up chemical synthesis and top-down stripping of MoS» have S
atom holes, so that MoS> shows n-type characteristics. If MoS» can be doped into a p-
type semiconductor, a MoS; homojunction will be constructed. In the crystal lattice of
MoS: (Figure 2-23a), the Mo atoms are sandwiched between the outer chalcogenide
layers, which screens the incorporated metal atoms into the substitutional sites. Non-
metal dopants tend to occupy the anionic sites at the outer layers due to the length
limitation of the ionic bonds. For metal dopants, the radii of the foreign dopant atoms
are vital for a favorable position. For light metals (Li and Na), which have small radii,
the interlayer distance (0.615 nm) is sufficient for intercalation. However, for heavy
dopants with large radii (e.g., Mn, Co, Zn, and so on), substitutional doping is preferred
thermodynamically!4S.

At the cation sites, many transition metal ions with similar radii to Mo atoms can
achieve effective substitutional doping into the lattice of MoS,, which enriches its
functionality (Figure 2-23c and 2-23d). In theory, Nb is a very suitable electron acceptor
for p-type doping in MoS: because it has fewer valence electrons than Mo'*. From the
perspectives of the structures of 2H MoS: and 2H NbS,, the lattice parameters are
similar. The covalent radii of r(Mo) (130 pm) and r(Nb) (134 pm) are similar. In terms
of oxidation valence states, Mo and Nb are in the 4+ state. Based on the above factors,
Nb doping does not cause obvious damage to the original structure of MoS». Suh et
al.'"® prepared millimeter-grade MoS, single crystals through chemical vapor phase
transport using iodine as a transport agent under a growth temperature gradient of 1050—
936 °C for 500 h. Finally, monolayer Nb-doped MoS> was obtained by mechanical
stripping. Figure 2-23b shows a schematic of the Nb-doped MoS: structure by chemical
vapor transport. After doping, the hole concentration reached 1.8x10'* ¢cm™, which is
consistent with theoretical calculations that when an Nb atom absorbs an electron, 0.5%
Nb atoms can produce a hole density of ~2.8x10'* cm?. Finally, the MoS.
homojunction was constructed'’”. As seen in the figure of transfer characteristic, the
dependence of Nb-doped MoS: on the gate decreases and the current increases,
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presenting p-type doping characteristics (Figure 2-23e and 2-23f). Different from the

above Nb-MoS,, which was first synthesized in the bulk phase and then obtained as a

monolayer by stripping, Laskar et al.'*’

adopted the method for synthesizing Nb-doped
MoS; with a thickness of 10 nm by CVD. In terms of doping concentration, the

concentration of holes in the bulk phase reached 3.1x10?° cm™ and their mobility was
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Figure 2-23. (a) Substitutional doping of MoS,. Crystal structure of MoS,. (b) Electron density
mapping of MoS; with Mo substituted by Nb atom. Electronic DOS of (c) Re, Ru and Rh and(d)
Nb, Zr and Y substitutionally doped MoS,'*®. (e) Structure and (f) electrical properties of Nb-
doped MoS,'"°.

In 2016, Gao et al.!>® successfully prepared Nb- and Re-doped MoS, with a
monolayer thickness by direct growth in CVD. The obtained concentration of Re was
lower than that of Nb because of the difference in formation energy. In order to make
sure whether the dopants were at the substitutional site, aberration-corrected Z-contrast
scanning transmission electron microscopy (STEM) was used to observe the position
of Nb in the single-layer MoS,. Furthermore, other indirect methods have been used for

detecting the substitutional position. Lin et al.!>!

investigated the stability of dopants
by high electron beam irradiation. On the surface of MoS;, it was found that Au
migrates to the edges and vacancy sites when it possesses sufficient energy from
electron irradiation, while the Nb doping results in enhanced stability. The successful
substitutional doping in CVD growth enables the turning of electrical conductance. The
n-type dopant (Re) greatly reduced the contact resistance in transistors.

The doping of Fe, Mn and other metal atoms may make MoS> magnetic, which
provides conditions for the preparation of spin devices. It is predicted that the Curie
temperature of MoS: can exceed room temperature when the Mn content reaches 10—
15%12. The chemical bond strength between these dopants and S atoms greatly differs
from that of the Mo-S bond, so doping with these atoms may produce lattice defects.
Zhang et al.'?? studied the influence of the substrate on the doping of Mn atoms. When
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a substrate with a flat surface was used, such as graphene, trace doping could be carried
out at concentrations of <2%. Higher concentrations led to competition between MoS;
and MnS, resulting in structural instability. When using substrates with suspended
bonds on the surface, like SiO2/Si and sapphire, doped Mn atoms caused defects in
MoS;. They used molybdenum trioxide as a molybdenum source, heated it to 725°C in
the center of a tubular furnace and placed decarbonyl manganese and sulfur powder in
an argon gas inlet and heated them to 70 and 300°C, respectively, for in-situ doping
during growth. The morphology of MoS: with SiO2/Si and sapphire substrates before
and after the doping of Mn atoms showed that MoS» had smooth edges before doping
that became serrated after doping.

Because MoS: is a sandwich structure, the Mo atom is located in the middle, while
the S atoms are located in the upper and lower layers, so the substitution of S atoms can
be achieved either by in-situ growth by mixing the doped atoms with the S source or
by hole creation by post-laser doping. The substitutional anion doping tends to happen
in the presence of anion vacancies exposed to the outer surface. Various doping
elements that are available in the gas phase, like H, O, Cl, N and P, can be adopted to
reduce the resistance.

Anion substitutional doping depends on the diffusion of dopants to the vacancy
sites. Fixed point doping can be accomplished through a laser-assisted doping method.
Li et al.'>® realized the Se doping of MoS: through a CVD method to obtain 2D
MoSaxSex(1x) with a tuned composition. Ma et al.!>* demonstrated that using Se sources
of diselenodiphenyl at about 350°C achieved 21% selenization. Since N-doped MoS:

155 Qin et al.!*® prepared

can enhance its catalytic hydrogen evolution reaction ability
gelatinous precursors by dissolving molybdenum pentachloride and thiourea in an
ethanol solution with various molar ratios and then placed the gelatinous precursors in
a tube furnace. Chen et al.'>’ etched MoS> on the surface of sulfur hexafluoride,
trifluoromethane, tetrafluoromethane and O, thus obtaining p-type F-doped MoS; and
constructing a MoS> homojunction, which is simpler in structure compared with the
traditional heterojunction. The lattice constants between the interfaces were exactly the
same. In 2016, Nipane et al.'®® doped both non-degenerate and degenerate p-type
conductance into MoS; via inductively-coupled PH3:H> plasma treatment. The hole
mobility in P-doped MoS; reached 8.4 and 137 cm-V'-s”!, respectively, after correcting
for the contact resistance.

Substitutional doping is important for achieving control of the magnetic and
optical properties of MoS; and enriching the diversity of its composition. Because
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excessive Mo or S atoms in substituted MoS, will destroy the stability of its structure,
substitutional doping is not the main method to control the electron concentration. The
homogenous distribution of impurity atoms can be obtained by central doping in the
growth process of MoS», while the laser-assisted method can realize the fixed-point
doping of dopants. The doping concentration can be controlled by adjusting the laser
intensity and exposure time. This method provides a new concept for the construction
of homojunctions.

Intercalation doping. Unlike substitutional doping, the van der Waals interlayer of
MoS; allows for foreign ion intercalation'*” and atoms!®® and also molecules to enter
into the interlayer space. Intercalation is beneficial for the exfoliation of MoS> in
solution in order to produce novel batteries and electrochemical cells®*!®!. Intercalation
doping can modulate the electronic structure and crystal lattice of the supporting
materials, resulting in physical or chemical phenomena, including charge density and
superconductivity.

H and alkali metal ions can be very easily intercalated into the intercalation layers
due to their small radii'®®. Furthermore, they induce electronic structure changes and
lattice distortion due to the reductive nature by donating electrons to the lattice. At room
temperature, the stable crystal structure of MoS» is 2H, i.e., six S atoms are coordinated
around Mo atoms to form a trigonal prism coordination environment. In this
coordination environment, the 4d orbital of the central Mo ion is divided into three
groups and the two 4d electrons of the tetravalent Mo ions are arranged in the lowest
orbital, which keeps the system with the highest stability. However, after interlayer
doping with alkali metals, the coordination environment of the central Mo ion is
changed into the octahedral 1T configuration for maintaining the lowest energy electron
configuration. This is because the alkali metal injects more electrons into MoS: and the
4d orbital is separated into two groups. The newly injected electrons are arranged with
the original two electrons in the lowest energy dxy, dyz, and dx; parallel rails. Therefore,
the intercalation doping of alkali metal ions brings changes in the crystal structure of
MoS». It was seen that the injection of electrons changes the electrical properties of
MoS; according to the distribution diagram of state density before and after doping.
The Fermi level has the distribution of state density, which makes MoS> change from a
semiconducting to a metal state'®.

Alkali metal intercalation is mainly achieved through the immersion of a butyl
solution or electrochemical method. Lukowski et al.'®* synthesized petal-like multilayer
MoS: with highly exposed edge sites on a graphene substrate by CVD, then soaked the
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multilayer petal-like MoS; in an n-butyl lithium solution for 68 h and finally removed

it with deionized water to remove the excess Li. Acerce et al. !

prepared 1T MoS; with
a size of 1-5 um by first making MoS» into a single layer and then stacking it. MoS>
powder was first soaked in an n-butyl lithium solution, filtered through argon for 48 h
and the excess butyl lithium solution was washed away with hexane, before finally
soaking the Li-intercalated MoS> in deionized water and ultrasound for 1 h to wash
away the Li interlayer and obtain the single-layer MoS,.

The zerovalent intercalation of heavy metal elements, such as Co, Cu and so on,
can be intercalated into the intercalation layers'®®'%® This avoids lattice disruption
without a charge interaction between the doping atoms and supporting materials. It was
demonstrated that various organic molecules with different functional groups can
facilitate the origination of new intercalation systems with engineered enhanced
functions, including ferromagnetic moments'®®, charge density waves and
superconductivity!’’. Chen et al.'”! successfully synthesized the intercalation doping of
Pt, Ru, Au and Pd in highly reductive 1T’ LixMoS: by the in-situ reduction of metal
ions. In the process, Li" intercalation enlarges the van der Waal gap in 1T’ LixMoS,,
which allows the diffusion of highly charged metal ions (PbCle*, Ru**, AuCls” and Pb*")
into the interlayer space. After in-situ reduction, the noble metal particles are
precipitated in the interlayer space. Li" and CI" are leached out through ion exchange,
the zerovalent intercalated MoS: is restored to the 2H phase. The zerovalent is kept in
the stable 2H structure. The encapsulation of precious metal clusters in MoS: is used
for stability in catalytic applications. In addition to the above-mentioned ions and
elemental atoms with small sizes, large molecules can also be applied as intercalants.

The organic molecules as intercalation dopants facilitate the discovery of new

intercalation systems and engineering owing to their enormous functional groups.

2.5. Composites
2.5.1. Composite construction with single elements

Although its special microstructure and proper bandgap structure endow MoS>
with excellent physical properties and chemical activity, its properties can be further
optimized by constructing composites with single elements. Precious metals are the
most common elements used to modify MoS, for superconductivity and special surface
plasmon resonance. Through some techniques, noble metal nanoparticles can be

172

anchored on MoS> to form composites' . According to Sun et al., MoS decorated with
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Ag® could be successfully prepared by reducing AgNO3; on MoS2'”>. As a result, Ag’
dramatically facilitated the delivery of photogenerated electrons from MoS», leading to
an improvement in the photocatalytic efficiency for Cr(VI) reduction. In another study,
Ag/MoS, was fabricated as a Fenton catalyst. Under the irradiation of light, “hot
electrons” generated by the surface plasmon resonance effect of Ag’ can facilitate the
separation of electron-hole pairs to co-catalyze Fenton reaction, thus improving the

degradation of 2,4-dichlorophenol!”*

. As another kind of noble metal, Au is popular in
the modification on MoS; to regulate the surface structure. Yin et al.!” loaded Au
nanoparticles on MoS; to improve the photocatalytic features. After Au decoration, the
photocurrent response increased from 100 to 370 pA-cm 2 at 0.8 V (vs. Ag/AgCl),
ascribed to the local electric field generated by Au. As well as Ag and Au, other common
noble metals, such as Pt and Pd, have also been used to decorate MoS,. Luo et al.!”®
adopted an electrodeposition method to import Pt on MoS> and it exhibited a
comparable HER activity. As reported by Yuwen et al.!”?, they utilized a microwave-
assisted method to disperse Pd on MoS;, leading to an enhanced catalytic activity for
methanol oxidation.

Some heavy metal elements have also been adopted to construct composites with
MoS: in the lubrication and advanced oxidation process fields. Sun et al.!”” induced Cu
atoms into MoS; to form a turbulence-like micro-nanostructured composite (Cu/MoS:)
and utilized it as a solid lubricant. With the introduction of Cu, the composite exhibited
higher hardness and a lower friction coefficient in the atmosphere than pure MoS;. The
Fenton reaction is considered a promising technique among various advanced oxidation

processes. In the report of Lan et al.!”®

, 1solated protruding Fe atoms were immobilized
on MoS: surface through a dipping calcination method to prepare a Fenton catalyst (Fe-
MoS>). During the piezo-activation of peroxymonosulfate, the isolated Fe atomic sites
play important roles in promoting the separation of € and h* of MoS,, as well as

providing Fe?" for peroxymonosulfate decomposition.
2.5.2. Heterojunctions

The photoactivity of MoS> can be enhanced through appropriate heterojunction
engineering for inhibiting the recombination of induced photoelectrons and holes.
According to the contact interface, heterojunctions can be divided into six groups
(Figure 2-24): traditional (types I, II and III); p-n; Z-scheme; step-scheme; Schottky
and surface heterojunctions' '8!, The diverse heterojunction structure shows different
methods and mechanisms for the transfer of photogenerated carriers.
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In type I heterojunction photocatalysts (Figure 2-24a), both photogenerated
electrons and holes flow from the higher conduction and lower valence bands to another
semiconductor. Nevertheless, type I heterojunctions cannot easily separate charge
carriers, resulting in the accumulation of electrons and holes in one semiconductor!®?,
Type II heterojunctions effectively avoid the accumulation problems (Figure 2-24b), as
the electrons transfer to the semiconductor with a lower CB and holes transfer with a
higher VB, thus decreasing the contact and recombination of electron-hole pairs'®*.
Although the structure of type III heterojunctions (Figure 2-24c) is close to the type II
structure, the bandgap of each does not overlap due to the extreme levels of the bands'®*.
In a traditional heterojunction, only type II heterojunctions possess an ideal structure
for improving the separation of electron-hole pairs.

Taking the example of CdS/MoS,'®, a type I heterojunction, the photogenerated
electrons in the CB of CdS transfer to the CB of MoS> due to the more positive
conduction of MoS; than that of CdS. Therefore, photogenerated electron-hole pairs
will be separated in CdS and then enhance the catalytic activity. However,
simultaneously, the holes transfer from the VB of CdS to that of MoS». Both electrons
and holes accumulate in MoS,, resulting in the ineffective separation in the type I
CdS/MoS:; heterojunction. For a type II heterojunction, like MoS»/g-C3N4!'*¢, the
photogenerated electrons transfer from the CB of g-C3N4 to the CB of MoS», while the
holes move in the opposite direction. As a result, electrons and holes are separated and
accumulated in MoS> and g-C3Ny, respectively. The separation of charge carriers can
significantly reduce the recombination of charges and achieve high catalytic activity.

Because of the diffusion of carriers between semiconductors, there exists an
internal electric field on the interface between p- and n-type semiconductors (Figure 2-
24d)'%7_ In the electric field, the electrons and holes will be quickly driven to the CB of
the n-type semiconductor and the VB of the p-type semiconductor, respectively. Thus,
electrons and holes will be finally separated in the presence of the internal electric field
in a p-n heterojunction system. For example, Meng et al.>’ synthesized a p-n
heterojunction (p-MoS2/n-BioWOg) through a bath sonication method. Electrons on n-
Bi,WOg transfer into the p-MoS», while holes on p-MoS> move in the opposite direction,
thus resulting in a built-in electric field forming at the interface. With the illumination,
electrons and holes will be separated quickly via the synergetic effect and fast charge
recombination will be efficiently inhibited simultaneously. All the heterojunction
catalysts show high separation efficiency of photogenerated electron-hole pairs.

There are three types (traditional, all-solid-state and direct Z-scheme) of Z-scheme
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heterojunctions. In the structures, the charge transfer method is similar but with no
intermediate!®%!%°_ In a direct Z-scheme catalyst, recombination occurs between weak
electrons with less negative CB and holes from the semiconductor with less positive
VB (Figure 2-24¢). As a result, the high oxidation holes and reduction electrons cannot
recombine and be maintained for catalytic reactions'**!°!. This method gives new
insights into the enhancement of catalytic activity by consuming the excess electrons
and holes for the remaining high redox potential in the system. Xiong et al.'*?
a Z-scheme heterojunction, (BiO)>CO3/MoS;, for the removal of NO 44. Under
irradiation, both (BiO);CO3; and MoS; generated -electron-hole pairs. The
photogenerated electrons in the CB of (BiO),COs3 diffused and combined with the holes
in the VB of MoS,. After that, electrons and holes will be separated and then

accumulated at the CB of MoS: and the VB of (Bi0)2CO3, respectively. In addition,

prepared

ternary heterojunctions are also effective architectures for improving the catalytic

activity of binary structures. Zhang et al.!”

synthesized a ternary nanocomposite,
TiO2/g-C3N4/MoS,, which exhibited two type II heterojunctions at the interface of
TiO2/g-C3N4 and TiO2/MoS;. Photogenerated electrons will transfer from the CB of g-
C3N4 (or MoS») to the CB of TiO». Furthermore, the photogenerated holes in the VB of
TiO; shift to the VB of g-C3Ns (or MoS:). Finally, TiO, will receive the most
photogenerated electrons, which reduce the O and *O* for degradation. In contrast, g-
C3N4 and MoS; collect the main photogenerated holes. According to previous reports,
TiO2/g-C3N4 with the addition of MoS> has higher catalytic activity than that without
MoS, because of the existence of a synergetic effect between TiO2/g-C3Ns and
TiO2/MoS; heterojunctions. Beyond that, TiO2/g-C3N4/MoS. composite not only
extends the light absorption ability but also enhances the light utilization rate. Other
ternary catalysts with MoS; possess advanced performance.

The step-scheme system is composed of two n-type semiconductors with a
staggered band structure, which is similar to type II except for the path of charge
migration (Figure 2-24f)!"+1%° An electric field is generated from semiconductor A
with a greater work function and lower Fermi level to the one (semiconductor B) with
smaller work function and higher Fermi level because of the spontaneous diffusion of
electrons on the interface. In addition, electron donors will bend upward owing to
electron depletion, and another conductor does the opposite with downward bending
originating from the electron accumulation'®’. Therefore, the electrons in
semiconductor B will combine with oxidative holes from semiconductor A, which is
similar to the Z-scheme heterostructure. Schottky heterojunctions are generated with an
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interaction between a semiconductor and a metal (Figure 2-24g)'%%. The electrons are
transferred from metal to semiconductor, owing to their different Fermi energies. As for
surface heterojunctions, they mainly consist of two different crystal facets of a single
semiconductor'*>?®, The mechanism regarding separation of carriers in the surface
heterojunction is similar to that in type II (Figure 2-24h)*°!. However, the redox

potential in surface heterojunctions is lower than that in type II heterojunctions.
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Figure 2-24. Schematic of (a-c) band structure and charge carrier transfer of traditional
heterojunction systems, (d) a p-n heterojunction system???, (e) a direct Z-scheme heterojunction
system!®?, (f) a step scheme heterojunction system??, (g) a Schottky junction system?** and (h) a

surface heterojunction system!®.
2.5.3. Composite construction with other materials

With increased research, scientists have gradually recognized that pure MoS»
nanosheets do not meet practical requirements because of their poor conductivity,

[78,112,208] “ A a result, various kinds of

difficult recovery and low chemical stability
functional materials have emerged and been researched in recent years as potential
hybrids with MoS; to solve these challenges.

Polydopamine (PDA) can be synthesized through a self-polymerization method of
dopamine by a simple surface coating in an aqueous solution. As a result of its strong
surface adhesion, PDA can adhere well onto almost all inorganic and organic materials.
Importantly, the stability can be improved after PDA wrapping, according to the
literature?®. For the enhancement of MoS, chemical stability, Wang et al.?% coated
PDA on MoS: to fabricate a MoS>@PDA composite as a catalyst to recover AuCls . As
a result, MoS2@PDA not only exhibits extraordinary performance in catalysis but also
shows strong chemical stability for practical applications.

In order to facilitate the separation of MoS; from water for further utilization, it is
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a common strategy to magnetize MoS. Sun et al.?%” constructed Fe;04 on MoS: to
fabricate a core-shell structured MoS>@Fe3O4 composite (Figure 2-25a). As shown in
Figure 2-25b, this material shows stronger magnetism than pure Fe3;O4 that can be easily
separated from water by a magnet. Furthermore, the MoS2 component plays the original
role, such as the properties of adsorption and exhibited extraordinary effect in
recovering gold. Furthermore, Wang et al.?%%2!° fabricated a ternary composite of
Fe3;04@PDA-MoS; nanospheres (Figure 2-25c). This material not only provides a
convenient way to separate material from water by a magnet, but also possesses enough
chemical stability, thereby promoting its application as an adsorbent for Pb*" removal.
In summary, such MoS;-based nanocomposites combine the merits of both MoS>
nanosheets and functional materials, promoting the applications progress of MoS»-

based nanocomposites in the relevant fields.
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Figure 2-25. (a) TEM image of MoS>@ Fe3O4 composite. (b) Magnetic hysteresis loop of Fe3O4
nanospheres and MoS,@Fe3O4 composite. (c) Fabrication procedure of Fe;O4@PDA-MoS;

nanosphere?07-208,

2.6. Conclusions

This review has provided an overview on the strategies and recent advances

towards the synthesis, modification and application of 0D, 2D and 3D MoS,. It has been
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demonstrated that 0D, 2D and 3D MoS» are very promising for many applications in
the fields of water treatment, energy storage and conversion, biology and
optoelectronics because of their special properties, including non-toxicity, optical,
semiconducting and layer structure properties. The methods for synthesizing 0D, 2D
and 3D MoS,, including liquid exfoliation, electrochemical, template-based, self-
assembly and sol-gel and hydrothermal methods, are widely researched. However, the
main challenging issue remains the usage of 0D, 2D and 3D MoS: is the efficient and
low-cost preparation with high quality. An attempt to overcome this issue will drive
force for the development of 0D, 2D and 3D MoS: for applications.

Furthermore, this review focuses on the modification methods, including surface
defects, heteroatom doping and composites for turning the structure and improving the
ability of 0D, 2D and 3D MoS,. Until now, point-like and plane like defects engineering,
charge transfer doping, substitutional doping, intercalation doping, composite with
elemental, heterojunction and other materials are adopted for both the non-degenerate
and degenerate modulation of MoS.. This not only enables the realization of widely
tuned physical and chemical properties but also allows the appearance of metallic
behaviors and phase transition under intensive charge injection. Nevertheless, there are
still challenges mainly arising from the requirements of addressing the precisely
controlled properties, expensive, activation and long-term stability issues, and also the
performance. Every method has its own limitations and properties, which greatly
improve the development of MoS2. Moreover, optimizing existing or finding methods
is still vital for improving the performance and application of 0D, 2D and 3D MoS..

Hence, it is concluded that when advanced synthetic methods satisfy the
applications, 0D, 2D and 3D MoS; would be realized in various fields, such as
electronics, optoelectronics, environmental and energy technologies. In conclusion, the
modification strategies of 0D, 2D and 3D MoS» and their potential applications have

been reviewed. There is immense worth in realizing the application potential of MoS,.
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Chapter 111. Regulating chemisorption and electrosorption
activity for efficient uptake of rare earth elements in low

concentration on oxygen-doped molybdenum disulfide

3.1. Introduction

Increasing demands in batteries'-?, electronics®, nuclear industry* and other vital

fields’, REEs have been widely applied because of their distinctive physical and

7

chemical properties®. Primary and secondary resource, likes ores’, manufacturing

10,11

generated waste®” and materials based on REEs'*!!, are important roles as resource for

REEs. However, generated wastes and effluents during extracting process from most
resources with low level of REEs will seriously contaminate ecological environment
and cause damages to human health owing to their carcinogenicity and genotoxicity!'>!?.
Therefore, it is of urgent need to recover REEs in low concentration range from aqueous
solutions.

Till now, the main methods for separating and/or recovering REEs from aqueous

14,15 16,17 18-20

solutions are chemical precipitation' ™', ion exchange™'’, solvent extraction ,

2123 and sorption?*2°. Although various methods have been used for

crystallization
recovering REEs, these conventional methods present several disadvantages like
extreme temperature requirement or high consumption of chemicals. Among these
strategies, sorption is widely researched thanks to its economic, environmentally
friendly, as well as effective properties. Plenty of materials including activated

27,28 29,30

carbon?’?® natural materials functionalized with reactive groups*-*, algal reousrces®!,

3233 Cryogel’*°, modified resin micro-particles’® have been adopted to

minerals
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 adsorbate with electrochemistry in a system occurs
with the application of electricity during adsorption process®® %, In the electrolytic cell,
potentiostat works as a current and voltage resource, and two or more electrodes

connected to an external circuit®®. The target ions will be firstly induced for immigration

and then overcome the electrostatic repulsion between electrodes and mobile ions in
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the external electric field*’. The surface of material coated on the working electrode
reacts only one type of the components in the electrolyte. Therefore, the interaction
between electrolyte and electrode belongs to chemisorption and electrosorption
coupling (CEC) process, which is beneficial for the removal or recovery of targeted
ions from solutions.

CEC process strongly relies on the materials with its surficial properties for
efficient adsorption, and it could realize highly recovery and selectivity with specific
ion. It was proved to have great potential application advantage in heavy metal ions*!~
ike Cr**, Cd**, Pb*", Ni*", Co?", Cu®* and Fe**. Benefited from its rich sulfur atoms
in the structure, molybdenum disulfide (MoS2)***® 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 Hg?*, Pb?", Cu®*, Zn**, et, al. Motivated by the electric
performance of MoS; as electrode as well as its earth abundance and nontoxic, it is
timely to investigate whether it could be used as electrode in the recovery of REEs from
aqueous solutions.

Due to the relevance of electrochemistry performance of electrode and its intrinsic
conductivity, the heteroatom doping emerged as a powerful tool to tune its electronic
properties*~°. The heteroatoms doping strategies have been widely applied in various
fields’' % including hydrogen evolution reaction, capacitive deionization, batteries, etc.
It’s reported that charge transfer from incorporated atoms could modify electric order,
like charge density and conductivity. The instead of S atoms with O atoms would
enhance the interface characteristics in the application®>’. Consequently, great efforts
should be devoted into 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), GA(IIT) and Y (III),
as represented REEs, in low concentration range from aqueous solutions. Besides, more
insights were provided the above-mentioned issues on MoS: as electrodes for
adsorption of targeted ions. The fact that MoS; with S-Mo-S lamellar structure
belonging to typical transition metal sulfide not only enables interaction with REEs by
rich S atoms but also permits the modulating of chemical and electrical properties
through facile heteroatom doping. Considering strong hydration of REEs, O atoms were
introduced into the structure of MoS, for improving hydrophilicity, interaction ability,
and electrical properties. We further applied voltage on MoS: electrode for inducing
immigration of REEs and overcoming electrostatic repulsion between surface and
target ions in external electric filed. The experimental studies about CEC process via
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O-doped MoS; electrode showed efficient REEs recovery performance, in consistent
with our theorical prediction. REEs recovery through CEC process via O-doped MoS;
electrode revealed in this study deepens our understanding on the interaction,
immigration, and recovery mechanism of REEs on transition metal sulfides, and helps
to guide a thought for recovering REEs in low concentration range over green and

recyclable uses.

3.2. Materials and methods
3.2.1. Materials

Conductive carbon black was obtained from the Cabot Corporation. Lanthanum
nitrate  hexahydrate (LaN3O9¢:6H20, 99.9%), cerium nitrate hexahydrate
(CeN309-6H20, 99.9%), praseodymium nitrate hexahydrate (PrN3Oq-6H>0, 99.9%),
neodymium nitrate hexahydrate (NdN3Oo-6H20, 99.9%), dysprosium nitrate
hexahydrate (DyN3Oo-6H>0, 99.9%), erbium nitrate hexahydrate (ErN3zO9-6H>0,
99.9%), ytterbium nitrate hexahydrate (YbN3O9-5H20, 99.9%), gadolinium nitrate
hexahydrate (GdN3O9-6H>0, 99.9%), yttrium nitrate hexahydrate (YN3O9-6H>O,
99.9%) and molybdenum oxide (MoO) are originated from Aladdin Co., China.
Ammonium molybdate tetrahydrate ((NH4)sM07024:'4H>0), thiourea (CN2H4S), nitric
acid (HNOs3), sodium hydroxide (NaOH), Polytetrafluoroethylene ((C2F4)n),
ammonium chloride (NH4Cl), sodium sulfate (Na>SO4), sodium chloride (NaCl),
potassium chloride (KCI), calcium chloride (CaClz), magnesium chloride (MgCl),
aluminum chloride hexahydrate (AlCl3-6H>0), and iron chloride (FeCls) were supplied
by Sinopharm Chemical Reagent Co., Ltd., China. Deionized water (18.2 MQ cm) was

throughout the whole experiment.
3.2.2. Samples and electrode preparation

Hydrothermal treatment was carried out using a 100 mL Teflon-lined stainless-
steel autoclave for synthesizing MoS» at 220°C. Different O doping concentration was
controlled by adjusting the synthesized temperature (200°C, 180°C and 160°C). 2 mmol
NH4)6M07024-4H20 and 60 mmol CN2H4S were dissolved in 72 mL distilled water by
stirring. After this, the solution was transferred a 100 mL Teflon-lined stainless-steel
autoclave at various temperature for 24 hours. Followed, after cooling down to normal
temperature, products were collected by filtration and being washed using water and
ethanol. Finally, they were dried by freeze drying at -60°C in vacuum. The
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incorporation of O atoms into the structure of MoS, could be easily achieved by
adjusting temperature (200°C, 180°C and 160°C) during hydrothermal process. The
prepared samples were note as S220, S200, S180 and S160 according to the variable
temperature. Electrode was prepared through coating samples on the surface of titanium
plate. Considering the stability of titanium and wide application of titanium plate in
ions adsorption®®®°, titanium plate as substrate was adopted to coat MoS, and O-doped
MoS; materials. Firstly, 80 mg samples, 10 mg conductive carbon black and 0.8 mL
0.125 mg/L polyvinylidene fluoride (dissolved in DMA) were added in sapphire mortar
and grinded. Then, the mixture was coated on titanium plate. Sequentially, prepared
electrodes were heated at 60°C for 3 h. Finally, the electrodes were immerged in the
deionized water for 12 h, and then dried for 6 h. Before test, the mass of samples on the

plate were weighed and calculated according to mass ratio, about 38+4 mg.
3.2.3. Experimental design

REEs recovery experiments were performed in a self-made cell with an external
power supply, and the 200 mL solution with a certain REEs concentration and pH was
pumped at a rate of 45 rpm through a peristaltic pump (YZ1515x, China). No
adjustment for solution pH during the whole operation. REEs concentrations were
measured using an Origin Aquamate 8000 UV-vis Spectrophotometer (Lambda 7508S).
Tested 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 following equations:

CoVo — CiVe
_ =070 MtV 1
AXm ( )
Co— Ct
R = x 100% (2)
Co

Where C, and C; represented the REEs concentration at the initial and t moment
during the recovery operations, respectively, mg/L; V, and V; were the volume of
REEs solution at the initial and t moment, respectively, L; A exhibited the effective
surface area with samples on the surface of electrode, dm?; m was the mass of samples

used in the mixture of electrodes, mg.
3.2.4. Simulations

Interaction between REEs and oxygen doping MoS:> was calculated based on the

density functional theory calculation (DMol3 program). The exchange and correlation
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between electrons were described by Generalized Gradient Approximation (GGA)
formulated by Perdew-Bruker-Ernzerh (PBE). Cutoff energy for auxiliary plane waves
was set to 340 eV. Brillouin zone was sampled by 5x5x1 k-points for the optimization
of model. A vacuum length of 20 A was used to avoid the interaction between the
neighboring images. With the aim of investigating REEs recovery performance on O-
doped MoS; in high concentration, various number of REEs (1, 2, 3, 4) was applied.
Stability of O-doped MoS> was characterized according to the formation energies as
follows:
Eform = Edopea — Epure + Us — Ho 3)
Where Efypn was the formation energy; Egopeq and Epyre represented the total
energy of O-doped MoS; and MoS,, respectively; pus and p, displayed the chemical
potentials of S and O atoms, respectively.
Adsorption energy of La(Ill) on MoS; (or O-doped MoS:) was calculated as follows:
Eaas = Eqasorvent+rairy — Eaasorbent = ELaqin (4)
In which E,;; meant the adsorption energy between La(Ill) and MoS» (or O-doped
MoS2); Eqasorbent+raqry Was the total energy after adsorption of La(IIl) on MoS; (or
O-doped MoS2); Eggsorpent displayed the energy of MoS: (or O-doped MoS»);
Epqqmry was the energy of La(Ill).

3.2.5. Reusability

Desorption of La(Ill) from O-doped MoS; electrode was performed in 1 M HCI
(or 1 M NH4Cl). The desorption efficiency was calculated as following formula:

Ca
D ==2x100% (5)
Co

In which C; presented the concentration of La(IIl) in HCI (or NH4Cl) solution during
the desorption process, mg/L.

3.2.6. Characterization

Crystal structure was characterized using powder X-ray diffraction (XRD) by Cu-
Ko radiation (D8 Advance, Bruker AXS, Germany). Morphology and size analyses
were gained through scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) by a Phenom ProX G6 microscope (Netherlands) and JEM-F200
microscope (Japan), respectively. Elemental composition was analyzed on the results
of X-ray photoelectron spectroscopy (XPS) (Thermo Scientific K-Alpha, America).
Atomic bond information was determined according to the results of Raman spectra
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(INVIA, Renishaw, England). Electrochemical characteristics of samples were detected
by electrochemical workstation (VersaSTAT-450, PAR, U.S.A. Electrochemical
characteristics of samples were determined using cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) (VersaSTAT-450, PAR, U.S.A) with a
conventional three-electrode cell in the 1 M NaxSO4 solutions. Three electrodes
consisted of a platinum as the counter electrode, a standard calomel electrode as the
reference electrode, and the samples electrode as the working electrode. Working
electrode was prepared by thoroughly mixing samples, conductive carbon black and

polytetrafluoroethylene as the same in the CEC electrode on titanium plate.

3.3. Results and discussion
3.3.1. Structural and compositional analysis

Crystalline structure of obtained samples at various synthesis temperature (220°C,
210°C, 200°C, 190°C, 180°C, 170°C and 160°C) was characterized via XRD (Figure 3-
la), in order to investigate the influence of synthesis temperature on structure of MoS»
and possibility of oxygen doping. Typical peaks located at around 14°, 33°, 39° and 59°
were ascribed to diffractions of (002), (100), (103) and (110) planes®! of 2H-MoS;
(JCPDS 37-1492), respectively. Compared with XRD result of MoO> (Figure 3-1b), no
peaks for MoO; appeared, indicating the absence of MoO> substance. As seen from the
XRD result of MoO», main peaks at 26.03°, 37.01°, 53.50°, 60.24°, and 66.65° were
corresponding to (-111), (111), (-312), (031) and (402) lattice plane®*** of MoO;
(JCPDS 00-032-0671), respectively, indicating high purity of samples. The lower
synthesized temperature broadened and shifted all the peaks to lower angle compared
with synthesized temperature at 220°C, indicating the decrease of crystallinity®>. And
inferior crystallinity of MoS2 might lead oxygen atoms dope into the structure. Bond
structure of synthesized samples was determined by Raman spectra (Figure 3-1c),
where two dominant peaks at around 375 and 403 cm™! were corresponding to the in-
plane E'5; and out-of-plane A, vibrational modes of Mo-S bond in hexagonal MoS.
In contrast with S220, the intensity of E's, and A, peaks weakened, which was
significantly correlated with decreased crystal degree. In addition, decreased crystal
degree would shift and broaden E's, and Aj; peaks. Beside E'sy and Aj; modes,
generated peaks at about 284 and 334 cm™! could be ascribed to the vibration modes of
Mo-O bonds, demonstrating the oxygen doping under the decrease of synthesizing
temperature®. Peaks of Mo-O bond in obtained samples were different from that in
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MoO; because of different structure of the two kinds materials. The appeared peaks
become more obvious with comparison of El», and A1 modes as declined synthesized
temperature, suggesting an increasement of oxygen dopant concentration. Related
oxygen atomic concentration from EDS results and ratio of Mo-O bond from XPS
results in Figure 3-1d verified that the doping oxygen content increased as synthesized

temperature dropped.
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Figure 3-1. XRD spectra of (a) samples obtained at various synthesis temperature and (b) MoO:.

(c) Raman patterns, (d) oxygen content and ratio of Mo-O bond of MoS; and O-doped MoS..

Atomic valence states and bonding configuration of obtained samples were
determined by XPS. Characteristic peaks of Mo 3d, S 2p and O 1s appeared in the
survey (Figure 3-2a). Mo 3d spectrum (Figure 3-2b) was fitted to the doublet peaks at
~228.3 and 231.4 eV, corresponding to Mo*" in Mo-S bonds, while the doublet peaks
at ~229.6 and 233.0 eV were originated from the Mo®" peaks for oxygen doped MoS,-
«Ox7. Peaks affected by generation of Mo-O bond and declined crystallinity shifted.
S 2p spectrum (Figure 3-2c) was divided into four sets of peaks, ~162,5, 163.6 and
164.6 peaks, belonged to S 2p32, 2p1/2, and 28, The formation of S»> peaks could be
attributed to the O doping MoS,®. In addition, shift of peaks was due to varying
crystallinity. In the O ls spectrum (Figure 3-2d), the peak at ~532.3 eV for S220
presented adsorbed water’®. With decreasing synthesis temperature, the peak moved,
and situating at ~530.2 eV was assigned to Mo-O bond”!, confirming that oxygen atoms

were successfully incorporated into the structure of MoS..
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Figure 3-2. XPS (a) survey, deconvoluted high-resolution XPS spectra of (b) Mo 3d, (c¢) S 2p and

(d) Ols of obtained samples at various synthesis temperature.

With the aim of investigating the morphology of O-doped MoS,, SEM-EDS
(Figure 3-3) and TEM (Figure 3-5a) test were carried out. All the samples possessed
the nanoflower morphology with ultrathin nanosheets. Notably, the edges became
obscurer as synthesized temperature decreased, which suggested the lower crystallinity
(in agree with the results of XRD and Raman). Elemental Mo, S and O were exhibited
as inert picture (Figure 3-3), indicating the existence of O atoms. Through SEM and
corresponding EDS diagram of O-doped MoS> (Figure 3-4), as well as the proportions
of Mo, S and O, it showed that the evenly distribution of all the elements and increased
oxygen content as decreased synthesis temperature. Furthermore, structural
characteristics of O-doped MoS: were researched according to HRTEM (Figure 3-5b).
The distorted areas as marked in green circles demonstrated the generation of crystal
defects, which would introduce the enhancement of conductivity’>. A lattice fringe with
spacing of 0.625 nm belonged to the (002) plane of MoS>. More crystal facets
originating from MoS» were observed through selected area electron diffraction (SAED)
test (Figure 3-5c¢). Further, TEM image and corresponding elemental mapping images
(Figure 3-5d) of O doping MoS: confirmed the presence of Mo, S and O elements and

the homogenous distribution.

79
Rare and precious metal recovery at a low concentration via chemisorption and electrosorption coupling process



Dissertation-PCI. Weiquan Zhan

Figure 3-3. SEM-EDS of samples synthesized at different temperature: (a) 220°C; (b) 200°C; (c)
180°C; (d) 160°C.
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Figure 3-4. SEM and corresponding EDS diagrams of O-doped MoS: electrode: (a) 200°C; (b)
180°C; (c) 160°C (Insert proportions of Mo, S and O as chemical formula was normalized
calculated through S content as the basis). SEM and corresponding EDS diagrams of O-doped
MoS; electrode: (a) 200°C; (b) 180°C; (c¢) 160°C (Insert proportions of Mo, S and O as chemical

formula was normalized calculated through S content as the basis).
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;

Figure 3-5. (a) TEM image, (b) HRTEM image, (c) SAED pattern, (d) TEM image and

corresponding elemental mapping of O-doped MoS,.
3.3.2. La(1Il) recovery by CEC

The ability of O-doped MoS: electrode through CEC to recover REEs was
investigated. During recovery process, O-doped MoS: was coated on titanium plate as
both cathode and anode. As seen in the digital images (Figure 3-6a, 3-6b, and 3-6¢), the
electrode after recovery kept almost same with that before use, revealing the stable
coating of samples on titanium plate. For comparison, recovery abilities of electrodes
with O-doped MoS: only as cathode, or anode or without O-doped MoS; electrodes
were explored. The results displayed that O-doped MoS; as both cathode and anode
performed the largest REEs recovery, which was up to adsorption capacity (Figure 3-
6d) of 365.71 mg/(g'dm?) and corresponding recovery (Figure 3-6e) of 91.43%.
Adsorption capacity (or recovery) using O-doped MoS: as both electrodes was more
than 5 and 11 folds than that using O-doped MoS: as cathode and anode, respectively,
demonstrating that both electrodes with O-doped MoS: electrode would enhance
transfer of ions in the solutions. The benefits of this dual-plate electrodes are rapid
diffusion of targeted ions into the trench and improved specificity from two applied
electrode potentials’®. O-doped MoS: was served as one electrode (cathode or anode)
to study the recovery performance. Recovery by O-doped MoS; cathode was higher
than O-doped MoS; anode, since cathode was negatively charged, which was benefit
of the adsorption of positively charged La(IIl) through electrostatic interaction. As for
titanium plate without O-doped MoS;, adsorption capacity and recovery were almost

zero, indicating that there was no interaction between targeted ions and the substrate.
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Besides, the pseudo-first-order model and the pseudo-second-order models were
applied to study the adsorption process, and corresponding fitting data were exhibited
in Table 3-1. The results showed that the adsorption process was well fitted by two

models, including physical and chemical adsorption.
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Figure 3-6. Digital images of (a) Ti plate, electrode (b) before and (c) after use in aqueous
solutions. (d) Adsorption capacity and (e) recovery of La(IIl) on O-doped MoS; at an initial

concentration of 10 mg/L.

Table 3-1. Kinetic parameters for La(Ill) recovery.

Pseudo-first-order kinetic model Pseudo-second-order kinetic model
Qe ) Qe .
ki (min™) R? K; (min™) R?
(mg/(g-dm?) (mg/(g-dm?)
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

La(III) recovery performance of at various initial concentrations was measured, in
order to study the applicability (Figure 3-7a). As the increase of initial concentration,
adsorption increased and then reached balance, while the recovery dropped with
concentration higher than 5 mg/L, demonstrating that saturation of recovery sites. When
the initial concentration was lower than 5 mg/L, O-doped MoS: electrode could obtain
recovery of 100%. The recovery was higher than 90% within a low concentration range.
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In comparison with previous works, recovery efficiency based on adsorption capacity
and recovery time was normalized, as displayed in Table 3-2, and this work exhibited
superior recovery ability. Recovery mechanism of O-doped MoS, by CEC was studied
by XPS. After recovery, the peaks for La(Ill) could be found in the survey spectrum
(Figure 3-7b). Species of O-doped MoS» existed in the electrode after La(IIl) recovery
by CEC process. The slight shift of peaks in Mo 3d of anode might be attributed to
oxidation (Figure 3-7c), while the changes appeared in S 2p (Figure 3-7d) and O 1s
(Figure 3-7e) 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 3ds, and La
3ds (Figure 3-7f) could be explained as the transfer of electrons from S or O atoms to
La(III), thus to form 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).
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Figure 3-7. (a) Recovery of La(III) at various initial concentration. (b) Survey spectrum and high-

resolution XPS spectra of (¢c) Mo 3d, (d) S 2p, () O 1s and (f) La 3d after the recovery of La(III).

Apart from the above results about the adsorption of La(Ill), TEM and related
elemental mapping of O-doped MoS; sample after La(Ill) recovery confirmed the
evenly distribution of Mo, S, O, and La (Figure 3-8d). According to the results of
HRTEM (Figure 3-8a, 3-8b, and 3-8c¢), the structure of O-doped MoS; after recovery
was almost identical to its pre-recovery state. TEM result showed that existence of O-
doped MoS:> was still with nanoflower morphology. Distorted areas as marked in green
circles were crystal defects’* in HRTEM results. Therefore, La(Ill) could be
successfully recovered by O-doped MoS: electrode through the CEC process.
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Table 3-2. Comparison of La(IIl) recovery in the work with previous literatures.

Initial concentration ~ Adsorption capacity Efficiency
Materials . Ref.
(mg/L) (mg/g) (mg/(g'min))
Amberlite XAD-
200 7.342 0.041 7
7 resin
Purolite S950 200 22.45 0.062 76
Carbon nanotube 100 23.23 0.032 7
Titanium oxide 100 12.31 0.035 8
Activated carbon
50 10.14 0.051 79
functionalized
[Zn(bim)2(bdc)]n
25 8.85 0.051 80
MOF
Ca—Alginate
25 6.373 0.004 81
Beads
GO composite 25 3.292 0.022 82
Fe304/GNPs 10 3.84 0.032 83
CEC with O-
9.92 65.82 0.091 This work
doped MoS;

Figure 3-8. (a) TEM, (b, c) HRTEM images, and (d) TEM image and related elemental mapping:
Mo, S, O and La of O-doped MoS; after the recovery of La(IlI).
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3.3.3. Effects of environmental conditions and ion storage

MoS; and O-doped MoS; with various O doping concentrations as electrodes for
La(IIT) recovery were investigated (Figure 3-9a). Note that incorporation of O atoms
into MoS> strengthened recovery of La(Ill), and the highest adsorption capacity and
recovery were almost 1.45 and 2.25 times higher than that of MoS», respectively. The
enhanced recovery might occur from improved affinity between electrode with targeted
ions and specific capacitance in the electrical double layer. Compared with MoO>
electrode, adsorption capacity and recovery using O-doped MoS; electrode was better.
Because of different crystal structure of MoS; and MoO2, MoS: possessed better
conductivity and surface area with sulfur atoms. REEs could be efficiently recovered
through oxygen doping engineering on MoS> for improving 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®. After that, charging voltage on CEC process of recovery was
researched. Figure 3-9b presented the adsorption capacity and recovery of La(Ill) at
various applied voltage. Here, it could be seen that La(Ill) recovery enhanced quickly
upon applying the charging voltage, and then tended to a stable stage, indicating the
occurrence of strong electrostatic interaction at beginning and then reached saturation
of adsorption sites on O-doped MoS; electrode. Effect of distance between two
electrodes on La(IIl) recovery was employed (Figure 3-9c). Adsorption capacity and
recovery declined with the increase of distance. At greater distance, resistance between
two electrodes was enhanced, and the electrical double layer was induced. As a result,
the adsorption capacity and recovery ability were reduced. The influence of pH on
La(IIT) recovery was studied (Figure 3-9d). The higher pH, the higher La(III) recovery
by CEC process was achieved, which was owing to the less active sites occupied by H'.
Apart from the above variants, as increase of pH, O-doped MoS> possessed more
negative charges, being in favor of the adsorption of La(Ill) according to electrostatic
interaction (Figure 3-9¢). The balance of recovery was owing to saturation of active
sites. To evaluate the application of CEC method in actually by O-doped MoS:
electrode, recovery of La(IIl) was tested in a binary mixed solution (Figure 3-9f). As
could be found, the adsorption capacity and recovery were minimally affected, and ions
with higher valence exhibited stronger competition with La(Ill). Anyway, the
adsorption capacity and recovery kept at a high level.

85
Rare and precious metal recovery at a low concentration via chemisorption and electrosorption coupling process



Dissertation-PCI. Weiquan Zhan

©
=}
S

=,

0

Adsorption capacity (mg-g"-dm™?)
>

w

S160 S180 S200 S220 MoO, 0.0 04 0.8 1.2 18 5 7 9
Electrodes Voltage (V) Distance (mm)

1 it e
[ -30
= 5 A ‘
. I | | ‘ ‘ 0
1 2 3 4 5 6 5 6
pH

w
S
=}

2

IS
o
S
EN
S
—in

.

3

w
=1
=]

n

s}

o

N
=}
=)

Zeta potential (mV)
n
o
>
S

o
=]
=)

Adsorption capacity (mg-g”'-dm™)
Adsorption capacity (mg-g”'-dm?)

=)

1 2 3 4 e K et Mg>* Al
pH Co-existing ions

Figure 3-9. (a) Adsorption capacity and recovery of La(Ill) on MoS; and O-doped MoS; with
different O doping concentration. Effect of (b) charging voltage, (c) distance between two
electrodes, and (d) pH on the CEC process of La(Ill) recovery. (e) Zeta potential of O-doped MoS,

at various pH. (f) Effect of co-existence ions on recovery performance of La(III).

In CEC process for ions recovery, it is related with electrical double layer for
storage of ions and interaction between electrode and ions. Here, the electrochemical
performances of MoO», MoS» and O-doped MoS: electrodes were tested by CVina 1
M NaxSO4 solution (Figure 3-10a and 3-10b). The results showed that MoS, and O-
doped MoS: obtained good capacitance property, and capacitance firstly increased and
then declined with the enhanced O doping concentration. Among these materials, S180
exhibited the best adsorption capacity. Better ion storage ability appeared on O-doped
Mo$S; electrode than that on MoO» electrode. Further, the resistance of ions transfer was
examined through EIS test (Figure 3-10c). The calculated charge-transfer resistance
(Ret) based on circuit were 5.65, 3.10, 2.37, 2.63 Q for S160, S180, S200, and S220,
respectively. Compared with Re; of MoO; at 76.56 Q (Figure 3-10d), all the MoS; and
O-doped MoS; had lower ion transfer ability. Moreover, it was revealed that the
incorporation of O atoms would reduce the ions transfer resistance where S180 had the
smallest charge transfer resistance among MoS, and O-doped MoS: electrodes due to
its good electric conductivity. Improved contact resistance was attributed to formation
of Mo-O bond with a lower Schottky barrier compared with Mo-S bond®. After oxygen
doping, disordered structure generated more active unsaturated sulfur atoms, thus to
tune electronic structure®. A decline of Re from S160 to S180 was originated from the
decreased disorder degree. The above results demonstrated that O-doped MoS; had
better electrical double layer for the ions storage and lower resistance for the ions

transfer.
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Figure 3-10. CV curves of (a) MoS,, O-doped MoS,, and (b) MoO> in 1 M Na»SO4 solution. (c)
EIS results of MoS,, O-doped MoS, and (d) MoO> in 1 M NaSOj solution.

3.3.4. Interaction in CEC process

To account for interaction performance between La(Ill) and O-doped MoS;, DFT
was adopted to consider adsorption of La(IIl) on different O doping concentrations of
MoS:. Firstly, MoS: and possible structure of O-doped MoS: were optimized (Figure
3-11a, 3-11b, 3-11c, 3-11d, and 3-11e). According to related electron density maps of
O-doped MoS; (Figure 3-11f and 3-11g) with different doping concentrations, it was
demonstrated that O atoms could strongly bind with Mo atoms. The shift of doped
atoms related to the atomic volume, and O shifted inward because of the smaller volume
compared with S atom®’. Besides, bond length of Mo-O was shorter than that of Mo-S,
which was ascribed to the stronger electronegativity of O atoms. With more O atoms
doping, structure of O-doped MoS; became more distorted in consistent with
experimental results. Formation energy was calculated for further investigating the
stability of O-doped MoS; (Figure 3-11h). Negative formation energy exhibited the
possibility of a spontaneous reaction for O doping. The highest absolute value of
formation energy was MoS2-20) in MoS> with two substituted S atoms by O atoms,
indicating that its status as the most stable structure at this doping concentration. In the
subsequent adsorption study, MoS>-203) was utilized as the model for the incorporation

of two O atoms doping.
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Figure 3-11. Top views of the supercell models of (a) MoS,, (b) M0S,-O, (¢) M0S>-20, (d)
MoS>-20¢2) and (e) MoS>-203). Electron density maps of (f) MoS,-O and (g) MoS;-20. (h)

Formation energy of MoS, and O-doped MoS,.

Calculated interaction energy of La(Ill) and MoS: with and without O
incorporation was displayed in Figure 3-12a. Adsorption energy between La(IIl) and
O-doped MoS; was superior to that of MoS>. Adsorption energy was enhanced with
more oxygen atoms doped, showing that the incorporated O atoms had strong
interaction ability with La(IIl). To figure out reason of decreased recovery in high
concentration, adsorption energy between various concentration of La(IIl) and O-doped
MoS; was calculated (Figure 3-12b). Interaction between La(III) and O-doped MoS,
was strengthened at first and then to plateaued. As a consequence, in high concentration
situation, La(IIl) recovery will decline, but adsorption capacity was apt to balance.
Except this, there was repulsion among La(III) because of electrostatic force with same
positive charges. With adsorbing more La(III), stronger interaction between targeted
ions and electrodes should be considered. Moreover, interacted orbitals of La(IIl) and
S (or O atoms) were used for further clarifying adsorption process (Figure 3-12d). S, p
and d orbitals in La(IIl) bound strongly with S p and O s, p orbitals, demonstrating the
interaction between La and S, O atoms. Compared with the results in MoS; without
(Figure 3-12¢) and with more O doping centration (Figure 3-12f) system, interaction
between MoS, and La(Ill) was enhanced as more O atoms introduced. Based on
Mulliken atomic charge changes (AQ) (Figure 3-12c¢), the charge changes between
La(III) and MoS: (or O-doped MoS:) before and after adsorption were calculated. Lost
charges of La(Ill) transferred to nearby S or O atoms, exhibiting the tough interaction

between La(IIl) and S or O atoms.
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Figure 3-12. (a) Adsorption energy between La(Ill) and MoS; (or O-doped MoS>). (b) Adsorption
energy between various concentration La(Ill) and O-doped MoS,. (c) Mulliken atomic charge
changes of La(Ill), S and O in the system of La(III) adsorption on O-doped MoS,. PDOS of
La(IlI), S and O in the system of La(III) adsorption on (d) O-doped MoS,, (¢) MoS>, and (f)
Mo$S,-20.

To obtain an insight into the adsorption sites of O and S atoms, the view after
adsorption was provide in Figure 3-13. The distance between La(IIl) and O atom was
closer than that with S atom, illustrating stronger interaction of La(Ill) and O atom,
owing to more electronegativity®®’. The phenomenon was also demonstrated by the
higher atomic charge transfer of O atom. Compared with MoS, system, higher positive
charge of La(III) was originated from the stronger interaction that in the O-doped MoS:
system. And the promoted interaction in O-doped MoS> was due to the interaction
between La(IIl) and O atoms. The above results proved that the incorporation of oxygen

atoms would strengthen chemical interaction of La(IIT) and MoS..

Figure 3-13. Top views of (a ,b) La(IIl), (¢, d) Gd(IIl) and (e, f) Y(III) adsorption on MoS,-O and

MoS:-20g) (Circled atoms are used for Mulliken atomic charge changes analysis).
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3.3.5. Adsorption and desorption cycles

Reusability of materials was crucial to the application of CEC process. Here,
desorption of La(IIl) from O-doped MoS, was investigated using HCI and NH4Cl. It
turned out that HCI1 (Figure 3-14a) and NH4Cl (Figure 3-14b) could efficiently desorb
La(IIT) from O-doped MoS> 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 3-15a), it changed from dark to light color for
desorption of cathode, which meant that the adsorption of La(IIT) was mainly completed
on cathode, and the results were also confirmed by the desorption efficiency.
Subsequently, the consecutive cycles of O-doped MoS: electrode using HCI (Figure 3-
l4c) and NH4Cl (Figure 3-14d) for desorption were studied. During the repeated
experiment, a small amount of the samples would drop in all solution, resulting a part
of dropped recovery performance. As the increased adsorption and desorption circles,
adsorption capacity and recovery dropped, demonstrating that the desorption would
destroy active sites of O-doped MoS,. Besides, the results proved that interaction
between La(I1l) and O-doped MoS: was attributed to the physical and chemical sorption.
While, the adsorption and desorption circles performance using NH4Cl was better than

that by HCl, originating from instability of MoS: in acid solution.
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Figure 3-14. (a) Desorption of La(Ill) from O-doped MoS: electrode by HCI and (c) related
recovery circles. (b) Desorption of La(IIl) from O-doped MoS; electrode by NH4Cl and (d) related

recovery circles.
After adsorption and desorption circles, the crystal structure (Figure 3-15b) and
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bonding component (Figure 3-15¢) of O-doped MoS, was still in consistent as before,
indicating that the method to desorb La(III) from O-doped MoS: would not damage the
whole structure. Moreover, morphology and elemental distribution (Figure 3-15d) of
O-doped MoS» was not destroyed, which exhibited the good recyclability of O-doped
MoS: 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.
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Figure 3-15. (a) The color comparison of anode and cathode after desorption. (b) XRD pattern
and (c) Raman spectrum of O-doped MoS; after desorption. (d) SEM images and corresponding
elemental mapping: Mo, S, and O of O-doped MoS:; after the desorption of La(IlI).

3.3.6. Recovery of other REEs

Furthermore, the performances by O-doped MoS: electrode in CEC process for
recovery of other REEs were explored (Figure 3-16). It revealed that all REEs could be
recovered through O-doped MoS; electrode in CEC process, and with good recovery.
Different REEs recovery behaviors were related with their out nuclear electro shell and

formation of ions in aqueous solutions.
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Figure 3-16. Recovery of other REEs by O-doped MoS; in CEC process at an initial
concentration of 10 mg/L.
Here, Gd(IIT) and Y(III) were chosen as medium and heavy REEs to study more
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recovery behaviors using O-doped MoS; electrode. Adsorption capacity of Gd(III) and
Y(III) in Figure 3-17a and 3-17d showed the similar increasing trend as time comparing
with that of La(III). The pseudo-first-order model and the pseudo-second-order models
for fitting by O-doped MoS: and MoO; electrode were exhibited in Table 3-3 and 3-4,
respectively. It revealed that the adsorption process for Gd(III) and Y (III) were physical
and chemical adsorption. As well, adsorption capacity and recovery using O-doped
MoS; were better than that by MoO,. Factors affecting Gd(III) and Y (III) recovery
including pH and voltage were studied. As displayed in Figure 3-17b and 3-17¢, the
similar tendency of recovery was resulted from enhanced electrostatic interaction of
La(IIT) and O-doped MoS,. For recovery under various voltage values (Figure 3-17c
and 3-17f), higher electrostatic interaction would be strengthened between electrode

and REEs.
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Figure 3-17. Adsorption capacity of (a) Gd(III) and (d) Y(IIT) on O-doped MoS at an initial
concentration of 10 mg/L. Effect of pH, and voltage on (c, d) Gd(III) and (e, f) Y(III) recovery by
an O-doped MoS:; electrode.

Table 3-3. Kinetic parameters for Gd(III) and Y (III) recovery via O-doped MoS; electrode.

Pseudo-first-order kinetic model Pseudo-second-order kinetic model
. e .
ge (mg/(g:dm?)  k; (min) R? K> (min") R?
(mg/(g-dm?)

Gd(III) 285.52359 0.00229  0.97351 408.52124 0.0000043714 0.97734

Y1) 205.43766 0.00326  0.96573 273.43303 0.0000106466  0.97604
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Table 3-4. Kinetic parameters for Gd(III) and Y(III) recovery via MoO; electrode.

Pseudo-first-order kinetic model Pseudo-second-order kinetic model
. Qe )
ge (mg/(g'dm?)  k; (min’") R? K> (min") R?
(mg/(g-dm?)
Gd(II1) 98.63859 0.00536 0.99394 126.54959 0.0000033939  0.99230
Y(III) 125.19222 0.0132 0.95744 145.49836 0.0000110119  0.96676

In Figure 3-18a and 3-18c, the results showed that adsorption capacities of Gd(III)
and Y(III) were 176 and 170 mg/(g-dm?) at the initial concentration of 5 mg/L, and
related recovery of 95.6% and 93.1%, respectively. As increasing of initial
concentration, adsorption capacity and recovery declined resulting from the limited ion
storage in electric double layer. When the initial concentration was lower than 5 mg/L,
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 3-18b and 3-18d), Gd(IIl) and Y(III) recovery on the surface of O-
doped MoS: electrode were demonstrated. Comparing with previous works, as shown
in Table 3-5 and 3-6, Gd(II) and Y (III) recovery ability using O-doped MoS: electrode

was better.
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Figure 3-18. Adsorption capacity and recovery of (a) Gd(III) and (c) Y(III) at various initial
concentrations. SEM and related elemental mapping of O-doped MoS: electrode after (b) Gd(III)
and (d) Y(III) recovery.
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Table 3-5. Comparison of Gd(III) recovery in the work with previous literatures.

Initial concentration  Adsorption capacity Efficiency

Materials . Ref.
(mg/L) (mg/g) (mg/(g-min))

INFCF 36.87 32.72 0.023 %0

IMCFs 50 14.30 0.020 ol

ZrSiSb 100 7.0 0.058 92
CMC sponge 50 38.64 0.053 93
CEC with O-

9.86 38.72 0.053 This work

doped MoS,

Table 3-6. Comparison of Y(III) recovery in the work with previous literatures.

Initial concentration  Adsorption capacity Efficiency
Materials ' Ref.
(mg/L) (mg/g) (mg/(g'min))
Exchange resin 100 3.50 0.039 4
Regenerated ion-
88.9 34.70 0.024 9
exchange
GO composite 30 3.89 0.026 82
FeNPs 25 4.74 0.020 %
CEC with O-
9.83 31.68 0.044 This work
doped MoS,

To further verify the interaction between Gd(III), Y(III) and doped MoS,, DFT
was applied. Adsorption energy of Y(III) and O-doped MoS, was lower than Y (I1I) of
O-doped MoS; (Figure 3-19a), and the binding energy with La(Ill) (Figure 3-12a) was
the lowest. Higher interaction strengthened the recovery of REEs by CEC process.
Besides, interaction of Gd(III) and Y(III) in high concentration with O-doped MoS,
was given in Figure 3-19b and 3-19c, respectively. 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
MoS,, PDOS of Gd(III), Y(III) and nearby S, O atoms were exhibited in Figure 3-19d
and 3-19e. Whatever La(IIl), Gd(III) or Y(III), REEs could bind tightly with S and O
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atoms on the surface of O-doped MoS,. Compared with Y(III) and La(IIl) (Figure 3-
12d), 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 negative charged O
atom that S atom demonstrated that interaction between Y (III) or Gd(IIT) with O atoms
were stronger than them with S atoms, which could be seen in the closer distance of
REEs and O atom in Figure 3-13 as well. Moreover, Mulliken atomic charge changes
showed that REEs connect with S and O atoms (Figure 3-19f), and Gd(III) bound to O-
doped MoS> more strongly than Y (III). The greater force between the S atoms may be
attributed to the higher atomic charge changes in Gd(III).
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Figure 3-19. (a) Adsorption energy between Gd(I1I) (or Y(III)) and O-doped MoS,. Adsorption

energy between various concentration of (b) Gd(III) or (c¢) Y(III) and O-doped MoSo. (d) PDOS of

Gd(IID), S and O in the system of Gd(III) adsorption on O-doped MoSo. (¢) PDOS of Y(III), S and
O in the system of Y(III) adsorption on O-doped MoS. (f) Mulliken atomic charge changes of
Gd(I1I) (or Y(III)), S and O in the system of Gd(I1I) (or Y(III)) adsorption on O-doped MoSo.

3.4. Conclusions

The recovery of REEs from aqueous solutions in low concentrations based on the
design of O-doped MoS; electrode was proposed. The CEC process with O-doped
MoS; electrode reached REEs recovery of ~100% when the initial concentration was
at a certain value. Max adsorption capacity of REEs of 365.71 mg/(g-dm?) was obtained.
In a multicomponent solution, the adsorption capacity and recovery were slighted

affected. The parameters of CEC process, including pH, applied voltage, distance
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between electrodes, and initial concentrations, were detailly investigated. The efficient
recovery of REEs could be attributed to the enhanced transfer rate and electric double
layer thinness for REEs storage. Further, the strong interaction between doping O atoms
and REEs helped strengthen the chemical interaction. The REEs recovery was impacted
by different binding forces between REEs and O-doped MoS,. Apart from the above
results, the desorption efficiency from O-doped MoS; electrode reached ~100% within
120 min, and the electrode exhibited good stability. Therefore, this study proposed a
novel process to recover REEs from aqueous solutions, and could be used some light

on the reusing of resource recycling and environmental application.
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Chapter 1V. Trace gadolinium(I11) separation and recovery via
modulating chemisorption activity on defects-rich molybdenum

disulfide electrodes

4.1. Introduction

Gadolinium (Gd)!~ is one of rare earth elements (REEs) within the lanthanide
series, naturally occurring in trivalent state. It presents unique properties of magnetic

moment*, attraction to thermal neutrons, thus being widely applied in neutron

&-10 11,12

absorbers®’, magnetic resonance imaging®'°, magnetic storage!'"'?, and other vital

fields'?. Because of the trace amount in application, Gd bypasses waste water treatment

plants and be released into aquatic environments'#-1®

, while the toxicity characteristic
brings threat to human'’. The appearance of Gd blocks transfer of calcium(II) inside
the body since similar ionic radius'®. Herein, conducting trace Gd recovery from aquatic
solutions becomes increasingly necessary.

Conventional techniques used for separation or recovery of REEs are ion

19-21 22-24 25-27

extraction'* 2!, jon-exchange?? 24, chemical precipitation® 2, and sorption®®°. Most
of these methods suffer high cost, chemical and energy consumption®' 3. Even though
sorption possesses the advantages of economics and environmental friendliness, there
is still a long way to realize highly separation and recovery of Gd. Therefore, it is timely
to explore an approach to separate and recover Gd for green development of the
environment.

Electrosorption®**¢ is a sorption process including ions immigration in electrolyte,
interaction with adsorbate and storage in electric double layer (EDL) under 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®’°. It is demonstrated
to possess the advantage of metal ions adsorption, for instance, lead(II)***,
copper(IN*~, nickel(I1)*¢*8, chromium*-!, and so on’2.

Considering that the force between guest materials and target ions is the dominated
factor for sorption, choosing a proper materials as electrodes to strongly interact with
Gd is promising to achieve its efficient separation and recovery. Molybdenum disulfide
(MoS>) with a sandwich structure of S-Mo-S is recognized as a potential electrode for

REEs recovery through chemisorption and electrosorption coupling (CEC) process.
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However, selective adsorption is hard to realize because of similar extra-nuclear
electrons of REEs.

In view of the largest number of unpaired electrons in Gd among REEs, the
configuration extra-nuclear electrons of Gd are variant from others. According to
valence bond theory, unsaturated S atoms have more lone pairs of electrons, which is
prone to strongly interact with Gd. It is reported that MoS; with unsaturated S atoms
show the great potential application merits in heavy metals. Thus, great efforts need to
be devoted to understanding the separation and recovery of trace Gd from aqueous
solutions via defects-rich MoS; electrodes.

Here, we proposed defects-rich MoS2 (DR-MoS,) electrodes through controlling
the ratio of S and Mo sources for Gd separation and recovery. DR-MoS; was coated on
the surface of titanium plate to induce Gd immigration and overcome electrostatic
repulsion between material interface and target ions. La(Ill), Gd(IIl), and Y(III) as
respectively represented light, medium, and heavy REEs were chosen for studying the
sorption behaviors of REEs on DR-MoS; electrodes. The experimental results about
Gd separation and recovery revealed efficient recovery performances via DR-MoS;
electrodes, which was consistent with our prediction. Gd 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.

4.2. Materials and methods
4.2.1. Materials

Lanthanum nitrate hexahydrate (LaN3;Oq-6H2O, 99.9%), gadolinium nitrate
hexahydrate (GdN3O¢-6H>0, 99.9%), and yttrium nitrate hexahydrate (YN3O9-6H>0O,
99.9%) were bought from Aladdin Co., China. Conductive carbon black was originated
from the Cabot  Corporation. =~ Ammonium  molybdate  tetrahydrate
((NH4)6M07024:4H20), thiourea (CN2H4S), nitric acid (HNO3), sodium hydroxide
(NaOH), Polytetrafluoroethylene ((C2F4)n), and ammonium chloride (NH4ClI), sodium
sulfate (Na2SO4) were purchased from Sinopharm Chemical Reagent Co., Ltd., China.
Deionized water (18.2 MQ cm) produced by Millipore Super Q system was throughout

the whole experiment.
4.2.2. Samples and electrode preparation
Synthesis of DR-MoS» was done via adjusting the ratio of Mo and S sources (1:2,
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1:3, 1:4, and 1:5) in the hydrothermal route. Mo ((NH4)sM07024-4H>0) 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-MoS,, DR2-MoS,, and DR3-
MoS; according to various ratio of Mo and S sources.

DR-MoS; was coated on the surface of titanium plate to fabricate electrode. The
mixture including 80 mg DR-MoS,, 10 mg conductive carbon black, and 0.8 mL
polyvinylidene fluoride was grinded in sapphire 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.

4.2.3. REEs recovery

La(IIT), Gd(III), and Y(IIT) were respectively chosen as light, medium, and heavy
REEs to study the REEs recovery behaviors on DR-MoS; electrodes. The recovery
experiments were carried out in a self-made cell with an external applied voltage of 0.8
V. 200 mL REE:s 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). Related recovery

performances were assessed by adsorption capacity (Q) and recovery (R) as following

equations:
CoVo — G,V
=22 *t 1
e €Y)
Co — Cy
R = 2
c @

where C, and C; respectively mean REEs concentration at the beginning and ¢
moments in the recovery process, mg/L, V, and V, respectively represent the
volumes of reaction solution at the beginning and ¢t moments, L, A is surface area for
coated samples on titanium plate, dm?, and m stands for the mass of samples in the

coating mixture, mg.
4.2.4. Gd(I1l) separation

According to the various sorption behaviors of REEs on DR-MoS: electrodes,
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trace Gd(III) separation from the other two kind of REEs (La(IIl), and Y(III)) was
performed. Specifically, the mixture including La(IIl), Gd(IIl), and Y(III) at 1 mg/L
each at pH of 5 was applied on studying Gd(III) separation recovery by DR-MoS;
electrodes with external applied voltage of 0.8 V. To reveal the adsorbed amount on
DR-MoS:; electrodes, REEs desorption was performed in 1 M NH4Cl solution with 200
mL volume for 2 h. The concentration of all REEs was analyzed by inductively coupled
plasma-optical emission spectrometry (ICP-OES, Prodigy 7, America). Separation

coefficient of GA(II) (Sgq(iry/reE) Was calculated as below equations:

G =Gy Vi
Dgeg = ( C )X(V ) 3)
t srp
Deaqn
SGd(III)/REE = Drez 4)

where D is the distribution ration, Vg, represents the volume in desorption aqueous

solutions, mL.
4.2.5. Simulations

With the aim of understanding selective Gd(III) sorption from mix REEs solutions,
simulations for interaction of La(Ill), Gd(III), and Y(III) on the interface of DR-MoS»
through density functional theory was 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 eV and energy cutoff with 320 eV were set for auxiliary plane waves.
Applying vacuum with 20 A length was to avoid the interaction with neighboring
images. Adsorption energy of REEs (E,;5) on DR-MoS; was calculated as:

Eqas = Erge+prR-Mos2 — Epr-mos2—EreE (5)
Where Ergppipr_mosz represents the total energy after interaction, Epg_pos2 1S the

energy of DR-MoS», and Eggg is the energy of REE.
4.2.6. AFM measurement

The adsorption process of Gd(III) on surface of MoS: with edge defects was
observed by the atomic force microscope (AFM, Bruker Multimode 8 system, Billerica).
MoS: 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 MoS> with edge defects. After being reacted at a
certain time, the residual solution was removed by filter paper. AFM was performed on
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observing the morphology after drying.
4.2.7. 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 electrochemical workstation
(VersaSTAT-450, RAR, America). Three electrodes contained working electrode with
samples, counter electrode with platinum, and reference electrode with a standard
calomel. Preparation of working electrode (samples, conductive carbon black, and

polytetrafluoroethylene) was via the same procedure applied in recovery experiment.
4.2.8. Characterization

Crystal structure was obtained through X-ray diffraction (XRD) with Cu-Ka
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.

4.3. Results and discussion
4.3.1. Phase and morphology

DR-MoS, was produced by one-pot thermal synthesis using our previously
reported method>®. Samples were prepared by adjusting the ratio of Mo and S sources,
and there were more unsaturated S atoms in the structure of MoS> when higher of S
resource concentration than Mo resource concentration in the reaction atmosphere.
Figure 4-1 showed the structure of samples provided by XRD patterns. Peaks of
characteristic diffraction at 14°, 33°, 39°, and 58° were respectively indexed to (002),
(100), (103), and (110) plane of 2H-MoS, (JCPDS 37-1492). Shape of the peaks kept
unchanged, while weakened little in atom interferometer direction, expressing that the

microstructure was well preserved.
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Figure 4-1. XRD patterns of samples with various concentrations of S and Mo sources.

To provide more insight information about the defects in the structure of MoSa,
we performed Raman spectra measurement (Figure 4-2a) on the samples. As could be
seen, the two peaks were attributed to binding layer between Mo and S atoms (E'z,
mode) and out-of-plane vibration of S atoms (Aig mode). Shift of peaks to lower
wavenumbers suggested the occurrence of defects when more S sources in synthesis
process were added. Further, peak intensity ratio of El, and A, declined as higher
dosage of sources (Figure 4-2b), demonstrating the existence of more exposure defects

with unsaturated S atoms>*.
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Figure 4-2. (a) Raman spectra, and (b) ratio of E12g and A1g intensity of samples with various

concentrations of S and Mo sources.

In order to identify the morphology, TEM and HRTEM images of DR-MoS: were
shown in Figure 4-3a and 4-3b. Nanosheets with ultrathin edges were uniformly
distributed, and (002) and (101) crystal facets of MoS, were found through selected
area electron diffraction (SAED) result. Slightly alterative interlayer distance in
comparison with normal value in Figure 4-3c exhibited the effect of lattice distortion.
Moreover, as marked in origine circles and the height profile of fringe, it revealed the

broken lamellar structures because of defects. Through EDS mapping results (Figure 4-
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3d), it displayed the homogeneous distribution of Mo and S element in all the region of
samples, while weak existence of O element was from distortion of MoS». Thus, based
on the above discussions, various DR-MoS, was successfully synthesized by regulating

the ratio of Mo and S sources.

(.66 nm

Figure 4-3. Morphology characterization of samples with various concentrations of S and Mo
sources. (a) TEM, and (b, c) HRTEM images of DR-MoS,, insert picture in e and f were SAED
image and height profile of fringe, respectively. (d) TEM and corresponding EDS mapping of DR-
MoS:.

4.3.2. REEs sorption behaviors

Given the interaction between REEs and DR-MoS;, REEs sorption on MoS; and
DR-MoS:; electrodes by CEC process were investigated. Figure 4-4a and 4-4b clearly
indicated that the adsorption capacity and recovery of Gd(III) on MoS> and DR-MoS;
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 MoS»,
adsorption capacity 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

would interact strongly with unsaturated S atoms in MoS..
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Figure 4-4. (a) Adsorption capacity, and corresponding (b) recovery of La(Ill), Gd(III), and Y (11I)
on MoS; and DR-MoS; electrodes.

DR-MoS; electrodes were applied to determine the adsorption kinetics of La(III),
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Gd(III), and Y(III) (Figure 4-5). Upon applying a fixed external voltage, REEs
adsorption capacity quickly increased and then tended to be stable by a gradual increase
time, suggesting the gradual saturation of ions sorption on DR-MoS; electrodes.
Additionally, it was apparent that the adsorption capacity of REEs in the order of
Gd(III), Y(III), and La(III), which might be relevant with interaction ability in outer

atomic orbital between REEs and DR-MoS.
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Figure 4-5. Adsorption kinetics of La(IlI), Gd(III), and Y(III) on DR-MoS, electrodes.

The data was analyzed using the pseudo first and second order models as denoted

respectively by following equations.

qr = qe X [1 — exp(—k;t)] (6)
t
=77V 1 )
@)+ &

where q, and q; were adsorption capacity at equilibrium and t moment,
respectively, min, k; and k, represented the rate constants for first and second order
models, respectively, min™..

The data fitted with the model and the following values of fitting parameters were
obtained in Table 4-1. It was observed that the proposed models well agreed with the
experimental data and provided a good description of REEs adsorption, though some
slight deviations existed in simulation of two models for all REEs adsorption. Two
models fitted well for La(IIl) adsorption process, while pseudo second order model
dominated in Gd(III) and Y(III) adsorption. It revealed that physical and chemical
interaction occupied a similar position in La(III) adsorption on DR-MoS,, but chemical
interaction was stronger than physical interaction in Gd(IIl) and Y(III) adsorption on
DR-MoS;, especially Gd(III). The result illustrated that strong chemical interaction

happened in Gd(III) recovery from another side view.
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Table 4-1. Kinetic parameters for La(Ill), Gd(III), and Y (III) recovery on DR-MoS; electrodes.

Pseudo-first-order kinetic model Pseudo-second-order kinetic model
) Qe .
ge (mg/(g'dm?)  k; (min!) R? K> (min') R?
(mg/(g-dm?)
La(III) 111.38 0.0009 0.993 177.42 0.000004 0.992
Gd(III) 265.98 0.0076 0.920 299.32 0.000003 0.970
Y (III) 140.89 0.0006 0.954 178.40 0.000002 0.973

To further investigate the application of DR-MoS> electrode in various REEs
adsorption behaviors, adsorption capacity and recovery of La(IIl), Gd(III), and Y (III)
under different initial concentrations were investigated in Figure 4-6a, 4-6b, and 4-6c.
According to the results, adsorption capacity of all REEs increased with raising initial
concentration, while recovery slightly dropped in La(IIl) and Y(III) adsorption. The
reason for such trend was the saturated active sites for La(III) and Y (III). It was noticed
that Gd(III) recovery within low concentration remained almost 100%. Figure 4-6d, 4-
6e, and 4-6f presented SEM-and corresponding EDS patterns after REEs recovery, and
they showed that the adsorption of REEs on DR-MoS; and invariant flower-like
morphology after REEs recovery. The difference in REEs recovery suggested the
possibility in separation of Gd(III) from the both La(III) and Y (III) with similar property.

a b "l e
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Figure 4-6. (a) GA(III), (b) La(Ill), and (c) Y (III) adsorption capacity and corresponding recovery

at various initial concentrations on DR-MoS; electrodes. SEM and corresponding EDS pattern of

DR-MoS; electrodes after (d) La(IIl), (¢) Gd(III), and (f) Y(III) recovery.
4.3.3. Optimization experiments and Gd(IIl) separation

Generally, operation parameters including electrodes-distance, solution pH, and
applied voltage were researched on Gd(IIl) recovery performances. Appropriate

electrodes-distance (Figure 4-7a) operated in favor of recovery. Short electrodes-
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distance decelerated the flow of reaction solutions, while long electrodes-distance
weakened the immigration of target ions in solutions. Adsorption capacity and recovery
of Gd(III) as a function of pH medium was given in Figure 4-7b. 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 species of ions. Upon the increasement of pH, deprotonation
of DR-MoS:> 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-MoS,. Effects of applied voltage on
the CEC process of Gd(III) recovery was investigated (Figure 4-7c¢). It was noted that
adsorption capacity and recovery 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. Besides, the charged
electrodes was beneficial for the interaction of Gd(II). Evaluating Gd(III) separation
performances from La(IIl) and Y (III) was necessary for the application of CEC method
with DR-MoS; electrodes in REEs separation. The experiment was performed in a
mixture solutions including La(IIl), Gd(III), and Y(III). Related separation coefficients
of Gd(III) with two REEs were calculated and exhibited in Figure 4-7d. It revealed that
the CEC method could achieve separation of target ions through adjusting
chemisorption. Gd(III) separation coefficient from Y(III) was higher than that from
La(IlT), demonstrating the competition of Gd(III) and Y(II) on reactive sites for

chemisorption.
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Figure 4-7. Effect of operational parameters on Gd(I1I) recovery via DR-MoS; electrodes: (a)
electrodes-distance, (b) solution pH, and (c) applied voltage. (d) Separation coefficient of Gd(III)
in the mixture solution with La(Ill), Gd(III), and Y (III).

XPS analysis was conducted to obtain further information on the surficial
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interaction of REES and DR-MoS,. The survey scan (Figure 4-8a) revealed that DR-
MoS; 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(IIT), and Y(IIT) on DR-MoS; electrodes. From Figure 4-8b, 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 'YMo, which was assigned to Mo-S bonds in MoS;. The
doublet peaks at ~234.9 and 229.9 eV corresponded to the Y!Mo for the distortion of
MoS>. The other peaks at ~232.9 and 230.8 eV indicated the existence of 1T phase
MoS,, which would be induced by the generation of edges. Referring to the S 2p spectra
(Figure 4-8c), the characteristic peaks at ~162.8 and 161.6 eV were belonging to S* in
MoS,, while peak at ~163.4 eV originated from S>> owing to introduction of defects in
the structure. In the spectra of O 1s (Figure 4-8d), the divided peaks at ~531.6 and 533.2
eV were ascribed to adsorbed water and MoS>-«Ox, respectively. Compared with the
peaks of Mo, S, and O elements in DR-MoS: before recovery, the peaks apparently
shifted to higher binding energy, which confirmed the strong interaction of REEs with
DR-MoS..

Mo 3ds,,
a Y 3 b o 3 Mo 3d
La 3d5 Y 3d5
Gd 3d3 [ .
= 3
< Ols ‘:’ i
2 Mo 3p3Mo 3¢ 2 Mo
3 ﬂMo 3/7]’/ { 3 ViMo
S hao 2\ O
© Mo 39 S5 1T phase
-""'fj""*’”'lrl | P S2s
1250 1000 750 500 250 0 238 236 234 232 230 228 226 224
Binding energy (eV) Binding energy (eV)
Cc $ 201 s | d O1s
S2p,,
< <
b $]
5 s g
8 - s &)
arArasssstsssssdtttEimm—" > O e secasesssssasnssttf \(“\-.M.M "
166 164 162 160 536 534 532 530 528
Binding energy (eV) Binding energy (eV)

Figure 4-8. XPS spectra: (a) survey spectra, (b) Mo 3d, (¢) S 2p, and (d) O 1s of DR-MoS;

electrodes before and after recovery in REEs mixture solutions.
4.3.4. Competitive Gd(Ill) capture

The electrochemical performances of MoS, and DR-MoS: electrodes were tested

by cyclic voltammetry (CV) and EIS in Gd(III) solution. Obviously, there were no
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redox peaks in CV plots (Figure 4-9a), 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 MoS;, corresponding EDLC
gradually increased, demonstrating that rich defects was in favor of Gd(III) adsorption.
Compared with DR-MoS; electrode in La(Ill) and Y(III) solutions (Figure 4-9b),
highest EDLC performance in Gd(III) solution suggested a strong ability in Gd(III)
separation and recovery from other REEs using DR-MoS: electrode, which was
consistent with the separation results. Moreover, EIS tests of MoS> and DR-MoS;
electrodes were conducted to examine the resistance of ion immigration, as shown in
Figure 4-9c. Higher radius of semicircle represented greater ion immigration resistance.
It was clear that DR-MoS; electrode possessed a lower ion immigration resistance in
comparison with MoS», and more defects facilitated the immigration. What’s more,
strongest ion immigration ability of DR-MoS; electrode in Gd(III) solution, compared
with EIS results of DR-MoS:; electrode in La(Ill) and Y(III) solution (Figure 4-9d),
strengthening Gd(I1I) recovery in REEs solutions.
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Figure 4-9. (a) CV plots and (b) EIS results of MoS, and DR-MoS; in Gd(III) solutions. (c) CV
curves and (d) EIS results of DR-MoS; electrode in the solution of La(IIl) and Y (III) solutions.

To verify Gd(III) adsorption on defects of MoS2, AFM was applied to investigate
MoS; with edge defects after being exposed to Gd(III) solution (Figure 4-10a). Through
measuring the thickness difference of grey lines in Figure 4c between two ends, as
shown in Figure 4-10b, there existed difference around 100 pm, demonstrating the
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appearance of “edge”. It was worth noticing that Gd(III) tended to interact the edge of
DR-MoS;. The adsorption layer thickness was around 143 pm, might be ascribed to the

multilayer adsorption.

Thickness (pm)

-1.0 nm

0 30 60 90 120 150
Distance (nm)

Figure 4-10. (a) AFM image of MoS, with edge defects after being exposed to Gd(III) solution

0.0 Height 5.0 um

for 2 h. (b) Thickness difference of edges between two ends.

For the purpose of studying competitive Gd(III) adsorption on DR-MoS,, DFT
was performed to research the interaction of La(IIl), Gd(III), and Y (III) with MoS> and
DR-MoS;. Initially, possible structure of MoS> (Figure 4-11a) and DR-MoS> with one
S (Figure 4-11b) (or Mo, Figure 4-11c) atom loss as cycled in dotted line were

optimized.

b

R S S Eem

v v

Figure 4-11. Top views of supercell models of (a) MoS,, (b) MoS,-S, and MoS,-Mo.

Then, La(Ill), 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 Figure 4-12. Closest distance of Y (III) rather than
La(IIT) and Gd(III) to the surface of MoS,, indicating strongest interaction of Y (III)
with MoS,. As for the surface of MoS»-S, La(IIlI) bound most tightly among the three
REEs due to the attraction of unsaturated Mo atom. Interestingly, the interaction

behaviors of REEs on the surface of MoS>;-Mo were different from the other two
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surfaces, and Gd(III) was most strongly adsorbed.

Figure 4-12. Top configuration and side views of La(Ill), Gd(III), and Y (III) competition
adsorption on the surface of (a, d) MoS,, (b, €) MoS»-S, and (c, f) MoS>-Mo.

Various REEs adsorption behaviors on MoS: and DR-MoS: were demonstrated
via adsorption energy (Figure 4-13). There were little differences in the adsorption of
three REEs on MoS,. Gd(III) and Y (III) interaction on the surface of MoS>-Mo worked
the best, while strong interaction of La(IIl) happened on the surface of MoS,-S. It could
be inferred that the possibility of REEs separation by DR-MoSo.

-12

4

Adsorption energy (eV)

MoS, MoS,-S MoS,-Mo

Figure 4-13. Adsorption energies of La(IlI), Gd(I1l), Y(III) on MoS,, MoS,-S, and MoS,-Mo.

To reveal which binding atoms dominated the interaction, Mulliken atomic charge
changes were performed to investigate La, Gd, Y, S and Mo atoms (Figure 4-14a). As
seen, great force between REEs and MoS; (or DR-MoS») 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
interaction. In the sorption of MoS>-Mo, Gd(III) behaved most superior charge transfer

for interaction. Further, the binding orbitals between REEs and electrodes were
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investigated by partial density of states (PDOS). Each REE tightly bound with S atoms,
especially p orbitals, on electrode surface (Figure 4-14b, 4-14c, and 4-14d). Compared
with La(IIT) and Y(III), f orbitals in Gd(III) greatly participated in the interaction with
S atoms on MoSz-Mo. As well, the interaction of d orbitals in La(IIl) and d orbitals in
Mo atoms facilitated La(Ill) adsorption on MoS,-S. Therefore, disparate extranuclear

atomic orbital interaction led to significantly different chemical interaction.
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Figure 4-14. (a) Mulliken atomic charge changes of La(IlI), Gd(II), Y(III), S and Mo in the

system of REEs competition adsorption on MoS», MoS,-S, and MoS,-Mo. PDOS of La(III),

Gd(I1I), Y(III), S and Mo in the system of REEs competition adsorption on (b) MoS>-Mo, (¢)
MoS,, and (d) MoS»-S.

4.4. Conclusions

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 and adsorption capacity achieved almost 100% and 299.32 mg/(g-dm?) on
DR-MoS; electrode. In the competitive adsorption experiments, Gd(III) could be highly
separated from La(IIT) and Y (IIT) because of special interaction forbitals in Gd(III) with
p orbitals in unsaturated S atoms of DR-MoS;. In the meantime, super sorption ability

enhanced EDLC and weakened charge transfer resistance of electrode in the solution to
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strengthen the electrochemical properties of electrodes. Remarkable, strong binding
forces of La(Ill) and unsaturated Mo atoms had the possibility to realize La(IIl)
separation and recovery via MoS> with unsaturated Mo atoms defects. Thus, this work
might benefit separation and recovery of target trace REEs from aqueous solutions by

modulating chemisorption.
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Chapter V. Rare and precious metals recovery at a low

concentration by carbon-based electrodes

5.1. Introduction

Due to the special properties of rare earth elements (REEs) and precious metals,
they still played an important role in the transition toward green energy, for example,

electric batteries'>, wind and solar energy*®, catalysis®’, semiconductors®’,

12-14

luminescence!'®!". The recovery of REEs and precious metals from ores and waste

15-17

materials was necessary for green development. Thus, many researches'®2° have

recently been proposed for developing processes and materials for the recovery of REEs
and precious metals in aqueous solutions from low-grade resources, for instance,

mining processing wastewater, refining wastewater, seawater, etc.

21-23 24-26

Various methods, such as, solvent extraction , chemical

27-30

, lon exchange
precipitation®’°, and sorption®!* have been largely used in separating and recovering
REEs and precious metals. However, these approaches were hard for actual application
due to large consumption of reagents**, or high cost, or poor recovery>. In addition,

3638 while rare

most current methods focused on the recovery in high concentration
researches were related with low concentration. There are still challenges to effectively
recover REEs and precious metals within low concentration range from aqueous
solutions.

Electro-adsorption was a kind of promising way to adsorb low-concentration
target ions in solution since the target ions were induced to overcome the electrostatic
repulsion and towards the adsorbent under the electric field*. Materials as the working
electrode are vital for the interaction between electrolyte and electrode®. The target

ions are captured via physical interaction into the pores formed in EDL. According to
: L . A . . :
the ion storage equation in EDL capacitance, C = %, capacitance is related with

surface area*!. As a result, porous electrode was beneficial for the recovery of low-
concentration REEs.

Carbon materials, for instance, activated carbon (AC), graphite, graphene, carbon
nanotubes, with their super porous structure, low cost, and high specific surface area
properties have been found as common adsorbents for metal ions adsorption***’. Few
previous works***> demonstrated that activated carbon electrode could bind with REEs

and precious metals, but focusing on the modification of AC and interaction with metals.
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During the electro-adsorption process, the function of pores is indispensable. The
adsorption process of metals and role of pores on carbon electrode need to be further
investigated. To our best knowledge, no studies extending electro-assisted sorption via
carbon-based electrodes for low-concentration REEs and precious metals recovery and
related self-properties have been researched.

As a typical precious metal, gold(Au) was chosen to study the application of
carbon-based electrodes on gold recovery. Among the leaching methods, thiosulfate
leaching was the most promising green way for gold extraction from gold ores instead
of cyanide leaching in industries*®. However, the bottleneck for applying thiosulfate
leaching is Au(I) recovery from thiosulfate leaching solutions.

Herein, a facile device for electro-assisted recovery of low-concentration REEs
and Au(I) from aqueous solutions using porous carbon materials was developed. AC,
graphene, and graphite were selected as typical carbon materials. As for the
representative light, middle and heavy REEs, La(Ill), Gd(IIT) and Y (IIT) were chosen
for studying recovery, respectively. The aim is to provide the insights into recovering
low-concentration REEs and Au(I) with porous carbon-based electrode in
environmental application. The study was firstly carried out to deeply evaluate the
recovery of low-concentration REEs and Au(l) in the EDL capacitance by porous

structure of carbon-based electrodes.

5.2. Materials and methods
5.2.1. Materials

AC was provided as commercial resources from the Sinopharm Chemical Reagent
Company. Graphene is obtained from Xiamen Knano Graphene Technology Co., Ltd.
Graphite powder is purchased from shanghai Macklin Biochemical Co., Ltd.
Conductive carbon black was obtained from the Cabot Corporation. Lanthanum nitrate
hexahydrate (LaN3O9-6H>0), gadolinium nitrate hexahydrate (GdN3O9-6H>0), yttrium
nitrate hexahydrate (YN3Oo-6H20) and arsenazo I1I were purchased from Aladdin Co.,
China, while others (polytetrafluoroethylene ((C2F4)n), sodium hydroxide (NaOH),
nitric acid (HNO3), potassium chloride (KCl), sodium chloride (NaCl), magnesium
chloride (MgCl), calcium chloride (CaCly), lead chloride (PbCly), copper chloride
(CuCly), nickel chloride (CaClz), manganese chloride (MnClz), aluminum chloride
hexahydrate (AICl3-:6H20), iron chloride (FeClz), ammonium thiosulfate (HsN20sS>),
and iron chloride (FeCls)) were supplied by Sinopharm Chemical Reagent Company.
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Standard chloroauric acid (HAuCls) was purchased from Well Group Scientific Ltd.,
USA. The deionized water used in this work was produced by Millipore Milli-Q Direct

8/16 water purification system.
5.2.2. Fabrication of carbon-based electrodes

Carbon materials (AC, graphene, graphite), conductive carbon black and
polyvinylidene fluoride (dissolved in the DMA, 12.5 mg-mL"), in an 8:1:1 mass ratio
was mixed, and then the mixture was coated on titanium plate. Afterwards, the
electrodes were heated at 60°C for 3 h to remove the residual organic solvent. The
prepared electrodes were immerged in the deionized water for 24 h to keep shape.
Finally, after drying in 60°C for 1 h, the electrodes were used in the REEs and Au(])

recovery.
5.2.3. Electro-assisted REEs and Au(I) recovery

A self-made cell with an external power was applied for carrying out REEs
recovery experiments. The solution cycle was realized by a peristaltic pump at a rate of
45 rpm. At a certain time, 2.5 mL solution was extracted and filtered using 0.22 pm
filter membrane. Following, the concentration of REEs filtrate was detected by a UV-
vis spectrophotometer (Lambda 750S), while gold element was tested by atomic
adsorption spectrophotometer (Agilent 280FS AA, America). The adsorption capacity
(Q) and recovery (R) for REEs and Au(l) were calculated by the following formula.
The equation difference for Au(I) adsorption capacity was without surface area of

electrode because of the little influence.

v, —V,
Q= (€ -y x ) ®

1
R:(CO_Ct)XC_O (2)

Where C, and C; were the concentration at the initial and a certain moment,
respectively, mg/L; V, and V; meant the volume of reaction solution at the initial and
a certain moment, respectively, L; A displayed the effective surface area of AC

electrode, dm?; m exhibited the mass used in the electrode, mg.
5.2.4. Desorption and regeneration tests

After the recovery of REEs, the carbon-based electrode was immersed in a 100
mL solution of HCI (1 M) or NH4ClI (1 M) without an external power to desorb REE:s.
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2 mL solution was extracted and filtered at a certain time. The desorption capacity and

efficiency were calculated by the following formula:

1
D=CyX— x100% (3)
Co

In which C; was the concentration of REEs at a certain moment in the desorption

experiment, mg/L.
5.2.5. Characterization

X-ray diffraction (XRD) with Cu-Ka radiation was applied on detecting the crystal
structure of AC, D8 Advance, Bruker AXS, Germany. Transmission electron
microscopy (TEM) was used to observe the morphology and microstructure of AC,
JEM-F200 microscope, Japan. SEM was applied for investigating the morphologies of
graphite and graphene, Phenom ProX G6, Netherlands. Raman was provided for
studying the atomic bond structure of samples, INVIA Renishaw, England. Elemental
state information was gained through X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-Alpha, America). X-ray photoelectron spectroscopy was performed on the
analysis of elemental composition, Thermo Scientific K-alpha, America. Distribution
of pore structure was studied by the Brunauer-Emmett-Teller (BET), V-Sorb X800,
China. Electrochemical characteristic of titanium plate and AC electrode including
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) was
researched using VersaSTAT-450, PAR, America.

5.2.6. Electrochemical measurements

Electrochemical characteristic of titanium plate, AC, graphene, and graphic
electrode including cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) was researched using VersaSTAT-450, PAR, America. A
conventional three-electrode cell was applied on determining the electrochemical
characteristics of titanium plate and AC electrode including cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) in a 1 M NaxSO4 or 5 ppm
Au(S203),° solutions. The three electrodes were platinum electrode (counter electrode),
standard calomel electrode (reference electrode) and the titanium / AC electrode

(working electrode).
5.2.7. REEs determination

The concentration of sorption was determined by UV-vis spectrophotometer.
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Calibration curves were obtained as the following procedure. Firstly, a certain amount
of REEs was dissolved in a 100 mL volumetric flask to obtain 2000 mg/L standard
solution. After, various concentrations of REEs solution with 2 mL arsenazo III was
obtained in a 25 mL colorimetric tube. The absorbance of La(IIl), Gd(III) and Y (IIT)
was measured at 655 nm, 651 nm, 651 nm respectively. The calibration curves were
obtained with the concentration of rare earth in the horizontal coordinate and the

absorbance in the vertical coordinate.
5.3. Results and discussion
5.3.1. Characterization of carbon-based materials

Crystal structure of carbon materials, AC, graphite, and graphene was analyzed by
XRD (Figure 5-1a). The peak at around 25° in AC was detected, being caused by an
almost amorphous structure in graphene*’. As for graphite and graphene, typical
characteristics of two sharp peaks located at about 26.5° and 54.5°, which derived from
(002) and (004) planes of graphitic structure*®*’. Chemical bond information in carbon
materials was measured based on FTIR test, as shown in Figure 5-1b. The adsorption
peak at ~3440 cm™! was due to the vibration (O-H) in hydroxyl groups®’. Typical bands
between 1700 and 1400 cm™ were identified as characteristic of groups C=0 stretching
vibration in AC>!. A situated band at 1152 cm™ in AC was attributed to the C-O
stretching vibration®?, and the radiation adsorption of the groups C-C=O in-plane
bending vibration was present. Peaks at ~1096 and 1017 cm™ demonstrated the
presence of C-O functional groups®. In view of the provided XRD and FTIR results,

the carbon materials were pure, while with hydroxyl groups.
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Figure 5-1. (a) XRD patterns and FTIR spectra of carbon-based materials.

The porous structure of carbon materials was evaluated from the adsorption-

desorption isotherms of nitrogen by BET (Figure 5-2a). When the relative pressure was
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during low value, the adsorption increased quickly, while there was hysteresis loop
between 0.4 and 1.0 in the relative high pressure. The phenomenon demonstrated that
coexistence of micropores and mesopores in carbon materials>*. Enclosed area of AC
was largest among the carbon materials, revealing that it had richest porous structure.
For further investigating the pore structure of carbon materials, the meso- and
macroporous pore size cumulation and distribution were exhibited in Figure 5-2b and
5-2c¢, respectively. AC possessed richest pores, and it might be very suitable for ions
storage. Regarding the mesopores, most pores distribution of carbon materials was
located within 50 nm, which was beneficial for the formation of porous EDL and ions
storage. As for microporous structure (Figure 5-2d), the cumulative pore distribution
sharply increased at the pore width between 0.75 to 1.00 nm and then slowly upper to
2.75 nm, demonstrating many micropores in AC, also the result could be directly seen

through the distribution pore size (mainly located in the size range below 2 nm)>.
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Figure 5-2. (a) Nitrogen adsorption-desorption isotherms, (b) mesopores, macropores cumulation
and (c) mesopores, macropores cumulation distribution, and (d) micropores cumulation of carbon-

based materials.

Morphologies and structures of carbon materials were characterized according to
SEM and TEM. Graphite (Figure 5-3a) showed a scale-like and flat surface, while
graphene (Figure 5-3b) displayed a rippled and crumpled structure, resulting in more
reaction sites in graphene. According to the TEM image (Figure 5-3¢), AC exhibited

rough morphology with highly interconnected pores (yellow dotted boxes). As shown
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in Figure 5-3d, pores in AC could be clearly distinguished (green dotted boxes). The
selected area electron diffraction (SAED) pattern in the inset picture suggested a certain
crystallinity degree of AC, which was accordant with the consequence of XRD.
Furthermore, the arranged lattice fringes with spacing of 0.349 nm (Figure 5-3¢) was
originated from the (002) plane of graphite structure®®, which indicated the formation
of graphite crystallites. Notably, a highly disordered structure (white dotted boxes) with
micropores and pseudo-graphic structures in the formation of graphite crystallite
(orange dotted boxes) were proved in Figure 5-3e and 5-3f°¢. Therefore, AC could be
ascribed to porous graphitic carbon, and the abundant pores formed the EDL capacity

for ion storage.

Micropores: >

Figure 5-3. SEM images of (a) graphite, (b) graphene, and (c) AC. (d) TEM images and SAED
pattern (as inset picture), (e, f) HRTEM images of AC.

XPS was performed to investigate the chemical states of carbon materials. There
were strong absorption peaks in the survey spectra (Figure 5-4a), belonging to the
absorption peaks of C KL1, O 1s, and C 1s, respectively, which indicates that carbon
materials were mainly composed of C and O elements. Figure 5-4b revealed XPS O 1s
spectra of carbon materials, and the binding energy peaks at ~531 and 533 eV were
typical O 1s absorption peaks of C-O and C=O bonds, respectively. XPS C 1s spectra
in Figure 5-4c showed the existence of carbon groups on the surface. Binding energy
peaks at ~284, 286, 288, and 290 eV were respectively corresponded to the C—C, C-O-
C, COOR, and II-IT bond. The above results exhibited that various carbon materials

possessed different functional groups on the surface.
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Figure 5-4. XPS (a) survey, (b) O 1s, and (c) C s spectra of carbon materials.
5.3.2. La(1Il) sorption performance evaluation

Electro-assisted La(IIl) sorption activity was performed on porous carbon
materials, as shown in Figure 5-5a and 5-5b. Adsorption capacity and related recovery
of La(Il) on carbon-based electrodes increased as time elapsed. Among all the carbon-
based electrodes, AC electrode owned best La(Ill) recovery might originate from
richest pores. Also, the recovery on graphene electrode was better than that on graphite
electrode. As time passed, the La(Ill) adsorption on AC electrode tended to balance
owing to the saturation of reaction sites, while growing tendency happened on graphene
and graphite electrode because of rich macropores for slow ions transfer. The maximum
adsorption capacity according to simulation could achieve 342.38 mg/(g-dm?), and
corresponding recovery was ~87%. To compare with previous works, the adsorption
capacity was adjusted to unified unit. From Table 5-1, the work showed great
improvement in low-concentration REEs recovery. Apart from this, pseudo-first-order
(Eq. 4) and pseudo-second-order kinetic model (Eq. 5)°”°% were applied for

investigating the recovery process (Table 5-2).

qe = qe X [1 —exp (—k,1)] (4)
t
= 5
/40 + (1 kaad ©)
where q, and q; were the adsorbed REEs at equilibrium time and t moment (min),

q:

respectively, mg/g; k; and k, were the first- and second-order rate constants,
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respectively, min!.
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Figure 5-5. REEs recovery performance by carbon-based electrode over time: (a) adsorption

capacity and (b) recovery.

Table 5-1. Comparison of La(IIl) adsorption capacity in the work with other literatures.

Initial concentration Adsorption capacity
Adsorbents Reference
(mg/L) (mg/g)
carbon nanotube 100 23.23 60
PA-MNPs 100 18.4 61
Activated carbon
50 10.14 62
functionalized
Ca—Alginate Beads 25 6.37 3
Carboxylated cellulose
28 33.7 64
filter
Ca—Alginate Beads 25 6.37 65
Fe304/GNPs 10 3.84 66
AC electrodes 9.84 61.63 This work

Table 5-2. Kinetic parameters for simulating La(IIl) recovery by carbon-based electrodes.

Pseudo-first-order kinetic model Pseudo-second-order kinetic model
qe (mg/(g-dm?) R? qe (mg/(g-dm?) R?
AC 309.6591 0.9512 360.0251 0.9816
Graphene 393.8837 0.9872 585.0042 0.9847
Graphite 546.2353 0.9883 986.7876 0.9883

Adsorption process on AC electrode was more inclined to pseudo-second-order
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kinetic model, and it revealed chemical interaction dominated (interacted O-REEs bond)
during adsorption process, resulting from rich oxygen-containing groups. Regarding
graphene and graphite electrode, the situation was highly consistent with two models,
exhibiting the existence of physical and chemical interactions. The effect of initial
concentration on the La(III) recovery using AC electrode was investigated (Figure 5-6).
With the increasing initial concentration, the adsorption capacity increased and then
tended to balance due to the saturation of reaction sites. As a result, when the initial
concentration was lower than 5 mg/L, the recovery reached ~100%. Following, the
recovery declined as the saturation of adsorption sites. Whatever, the CEC method by
AC electrode obtained more than 85% recovery as initial concentration bellowing 10

mg/L.

Recovery (%)

2 5 7 10 15 20
Concentration (mg/L)

Figure 5-6. Recovery performance under various concentration by carbon-based electrode.

In Figure 5-7a and 5-7b, adsorption capacity and corresponding recovery with both
and only one AC electrode (cathode or anode), and without AC electrode were showed
(Table 5-3). Adsorption capacity and recovery using both AC electrodes was higher
than that by only one AC electrode, which could be ascribed to the rapid and mostly
planar interelectrode diffusion within the trench, rapid diffusion of analyte into the
trench, and improved specificity from two applied electrode potentials. AC electrode as
cathode reached better La(III) recovery performance than that as anode, because of the
stronger electrostatic interaction in cathode. Without AC electrode, the adsorption
capacity and recovery of La(IIl) via titanium plate was almost zero, indicating that there
wasn’t reaction between La(IIl) and titanium plate. When AC electrode was only used
as cathode, the recovery was dominated by physical interaction, while contrast in the
use of two AC electrodes, which demonstrated the existence of strong electrostatic

interaction in cathode.
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Figure 5-7. (a) Adsorption capacity and (b) recovery on both and only one carbon-based electrode

(cathode or anode), and without carbon-based electrode.

Table 5-3. Kinetic parameters for simulating recovery of La(IlI) on both and only one carbon-based

electrode (cathode or anode), and without carbon-based electrode.

Pseudo-first-order kinetic model Pseudo-second-order kinetic model

AC qe (mg/(g:dm?) R? qe (mg/(g:dm?) R?

Both 309.6591 0.9512 360.0251 0.9816
Cathode 213.8804 0.9435 222.1278 0.9475
Anode 120.7560 0.9751 166.1236 0.9753

To unravel the interaction between La(Ill) and reaction sites of carbon-based
electrodes, FTIR was performed after the La(IIl) recovery, as shown in Figure 5-8. The
peaks for stretching vibration of O-H, C=0 and C-O shifted after the La(Ill) recovery
compared with the result before adsorption®®, for instance, the C-O stretching vibration
was 1152 cm! after adsorption, exhibiting the interaction between La(III) and oxygen-
containing groups. Because of the existence of chemical interaction of La(Ill) and
oxygen-containing groups, AC anode would adsorb a certain amount of La(III) as well

when applying both AC electrodes for recovery.
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Figure 5-8. FTIR spectrum of carbon-based electrodes after La(IlI) recovery.
5.3.3. Interaction between La(lll) and carbon-based electrodes

XPS was carried out for investigating the interaction role of oxygen species with
REEs, a case of La(Ill), was carried out. From the survey spectra (Figure 5-9a), the
peaks for La appeared on both carbon-based cathode and carbon-based anode,
indicating the adsorption of La(III). The existed interaction between La(IIl) and carbon-
based materials and flu of solution led to the happen of adsorption on anode as well.
For the high resolution La 3d spectra (Figure 5-9b), there are four fitted peaks at
~835.45, ~838.86, ~852.38 and ~855.58 eV, corresponding to the presence of La-N and
La-O coordination bond™. Intensity of peaks in anode was weaker than that in cathode,
showing that the La(Ill) adsorption mainly occurred in cathode On the basis of the
above reported results, the recovery of La(Ill) on electrode via physical and chemical

interaction was demonstrated.
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Figure 5-9. XPS (a) survey, (b) La 3d spectra of AC anode and cathode after La(IIl) recovery.
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5.3.4. Extending recovery performances of Gd(II1) and Y(I1I)

To evaluate the actual application of REEs recovery, carbon-based electrodes were
applied in the recovery of medium and heavy REEs, Gd(III) and Y(III), in various
concentrations. As shown in Figure 5-10a and 5-10b, adsorption capacity and recovery
of GA(III) using AC electrode was highest among carbon-based electrodes, following
as graphene electrode, graphite electrode. The difference might be owing to various
electrochemical properties. AC electrode could reach ~100% under initial concentration
of 7 mg/L, and adsorption capacity was up to 305.87 mg/(g-dm?). The higher
concentration led to declined recovery due to saturated EDL capacity and active sites.
According to SEM (Figure 5-10c) and related EDS mapping (Figure 5-10d) results,

Gd(IIT) was recovered on carbon-based electrodes.
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Figure 5-10. (a) Adsorption capacity and (b) recovery of low-concentration Gd(III) on carbon-
based electrodes. (c) SEM morphology and (d) corresponding EDS mapping of carbon-based
electrode after Gd(III) sorption.

As for Y(III), sorption ability, including adsorption capacity and recovery in
Figure 5-11a and 5-11b revealed the same tendency using carbon-based electrodes, in
order of AC electrode, graphene electrode and graphite electrode. Since similar physical
and chemical properties of REEs, they behaved similar tendency on various carbon-
based electrodes. Besides, recovery was 100% using AC electrode when the initial
concentration below 2 mg/L, with 100.32 mg/(g-dm?). After recovery, carbon-based
electrode was characterized by SEM-EDS, as shown in Figure 5-11c and 5-11d. The

results exhibited that the well-distributed and existence of Y elements. In all, comparing
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sorption ability of La(Ill), Gd(II) and Y(III) using carbon-based materials, AC
electrode had best sorption ability, and then graphene electrode, graphite electrode,
which was related with their different electrochemical behaviors. As for various REEs
sorption on same carbon-based electrode, sorption capacity and recovery from big to
small were La(Ill), Gd(III) and Y(III), which was owing to various configuration of

extra-nuclear electron and solvent ion size.
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Figure 5-11. (a) Adsorption capacity and (b) recovery of low-concentration Y (III) on carbon-
based electrodes. (c) SEM morphology and (d) corresponding EDS mapping of carbon-based
electrode after Y(III) sorption.

5.3.5. Desorption and reuse of electrodes

Desorption studies were important for the reusability of electrode, as well as the
recovery of targeted ions. Here, HCI and NH4Cl were applied to investigate desorption
ability of La(Ill) from carbon-based electrode. The desorption efficiency using HCI
enhanced sharply and reached higher than 90% within 20 min (Figure 5-12a). As for
desorption by NH4Cl solution (Figure 5-12c¢), the rate for desorption was slower than
that using HCI, while the desorption reached almost 100% within 120 min. In both ways
for desorption, the desorbed La(Ill) concentration from cathode was higher than that
from anode (also proved in the different color as insert picture of Fig. 8c, demonstrating
that the La(III) adsorption mainly happened on cathode. The reusability of AC electrode
by NH4Cl (Figure 5-12b) was stronger than that using HCI (Figure 5-12d), because the

instability of AC electrode in acid solution. After four circles, the adsorption capacity

139
Rare and precious metal recovery at a low concentration via chemisorption and electrosorption coupling process



Dissertation-PCI. Weiquan Zhan

and recovery were still at a high level compared with the initial one when NH4Cl was
applied for reusing the AC electrode. In the desorption mechanism, REE ions were
relatively easily and selectively desorbed by the monovalent ions and then transferred
into solution as soluble chlorides (Eq. 6-7).

C-La+3 HCI=C-H;s+LaCls (6)

C-La+3 NH,CI=C-(NH,) +LaCl, 7

The above results presented a method for the regenerated application of CEC
method by AC electrode.
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Figure 5-12. The desorption efficiency of La(Ill) from AC electrode using (a) HCI and (c¢) NH4Cl.
The reusability of AC electrode by the desorption of (b) HCI and (d) NH4Cl.

5.3.6. Au(l) recovery from thiosulfate solutions

Application of carbon-based electrodes on Au(l) recovery from thiosulfate
solutions was evaluated shown in Figure 5-13a. AC showed the biggest adsorption
capacity and corresponding recovery among carbon-based electrodes, being followed
by graphene and graphite electrodes. Except this, to further evaluate the application of
carbon-based electrodes on Au(l) recovery, adsorption capacity and recovery were
tested in a binary mixed solution (Figure 5-13b). As could be found, the adsorption
capacity and recovery were minimally affected. In any event, the adsorption capacity

and recovery remained at a high level.
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Figure 5-13. (a) Adsorption capacity and recovery of Au(I) from thiosulfate solutions by carbon-
based electrodes. (b) Adsorption capacity and recovery of Au(I) from thiosulfate solutions in the

presence of interferential ions.
5.3.7. Au state after recovery

XPS was carried out to study the substance after Au(I) recovery. There existed Au
peaks on XPS survey (Figure 5-14a) revealed Au(I) recovery from thiosulfate solutions.
No obvious changes occurred in peaks of C 1s (Figure 5-14b) and O 1s (Figure 5-14c)
spectra, which demonstrated nonexistence of chemical reaction. The peaks in Au 4f
spectra (Figure 5-14d) were ascribed to gold particles, indicating that the recovery state
of Au(l) from thiosulfate solutions was gold metal®’. Therefore, the above results
confirmed the reduction and recovery of Au(l) from thiosulfate solutions on carbon-

based electrodes.
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Figure 5-14. XPS (a) survey, (b) C 1s, (c) O 1s, and (d) Au 4f spectra of both AC electrodes after
Au(]) recovery.
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5.3.8. Electrochemical behaviors of carbon-based electrodes

With the aim of revealing electrochemical behaviors of carbon-based electrodes,
EDLC ability was conducted. Specific capacity collected at scan rates from 5 to 100
mV-s' was calculated in Figure 5-15a. Note that the best capacity of carbon-based
electrodes was AC, and then graphene. It can be inferred that the EDLC was closely
related to pores. Sorption ability was no only related with storage, also the ion transfer
originating from attraction. Ion diffusion was another non-negligible impactor in
electro-assisted sorption process, and EIS was used to evaluate (Figure 5-15b). The
smaller diameter of semicircle meant the lower charge transfer resistance. AC electrode
had relatively lowest resistance, resulting in a best electrochemical performance for the
transfer of REEs and Au(I). With richer pores, the transfer resistance was lower. Cyclic
voltammetry (CV) curves of carbon-based electrodes in Au(I) solution (Figure 5-15c)
were performed to find the reduction reaction and ion storage. An evident peak at
negative voltage region suggests the happen of Au(I) reduction. The enclosed area is
highly related with the ability ion storage and chemical reaction. As seen, AC electrode
possessed the best ion capacity ability and most drastic Au(I) reduction reaction among
carbon-based electrodes, and graphene electrode took second place. As well, smallest

charge transfer happened on AC electrode in Au(I) recovery process (Figure 5-15d).
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Figure 5-15. Electrochemical performances: CV curves at different scan rate for (a) AC electrode,
(b) graphene electrode and (c) graphite electrode. (e) Illustration for ions storage. (d) CV curves

scanned at 10 mV/s and (f) EIS for carbon-based electrodes and titanium electrode.
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5.4. Conclusions

Electro-assisted recovery of REEs and Au(I) by carbon-based materials had a great
potential in low concentration range. All the carbon-based materials with porous
structure showed efficient recovery of REEs and Au(I). In the initial concentration of
less than 5 mg/L, the recovery of La(Ill) was up to 100%. The adsorption capacity of
La(III) for AC electrode reached 368.20 mg/(g-dm?). Gd(III) and Y (III) recovery using
AC electrode obtained ~100% under initial concentration of 7 and 2 mg/L, respectively,
and the related adsorption capacity was 305.87 and 100.32 mg/(g-dm?). Au(l) recovery
approached almost 90%. The excellent recovery of REEs and Au(I) was resulted from
strong EDLC and electrostatic interaction from applied voltage and chemisorption from
oxygen-containing groups. Higher applied voltage and lower distance between
electrodes were beneficial for the recovery. Recovery performance was highly related
with pores content and oxygen-containing group. Richer pores were better for ions
storage in EDL and transfer in aqueous solution. HCl and NH4CI were applied for
desorbing REEs from carbon-based electrodes, respectively. High desorption efficiency
(more than 90%) within 20 min was obtained using HCI. Total desorption was realized
by NH4Cl solution, and the structure of carbon-based electrode was almost the same.
After four cycles, the adsorption capacity and recovery declined owing to the dropped
materials. Interestingly, Au(I) as gold metal form was recovered on the surface of
electrode. The work provided a new insight for the recovery of low-concentration REEs

and Au(I) based on carbon-based electrodes.
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Chapter V1. Efficient electroreduction recovery of low-

concentration Au(S203).* via walnut shell charcoal electrodes

6.1. Introduction

As a valuable metal, gold has wide applications with enormous significance in
economy!, electronics?, automobiles®, and currecy*. Cyanide leaching is a well-
established method for extracting gold from ores>¢, which occupies a dominant position
in industry’. Over time, there has been an evolution in the processes used for extracting
gold as world develops®®, with a focus on economic efficiency and environmental
sustainability!®!!. Besides, grown as continuous exploitation of rich gold ores, most
existing gold deposits have low-grade characteristics'?. The classical cyanide leaching
method hardly extracts gold from refractory ore, such as gold ore containing carbon'’.
Moreover, this cyanide leaching strategy has other drawbacks, such as high toxicity'*
and high energy consumption'’, which would damage the environment!®. Thus,
developing an alternative to cyanide leaching for actual applications is urgently needed.

Thiosulfate leaching is one of the most promising methods for industrial
applications among cyanide-free leaching methods, including the halogen leaching
method!’, thiourea leaching method'®!®, and thiocyanate leaching method?*2!. Due to
its environmental friendliness and great selectivity in gold extraction?? 24, thiosulfate is
an effective complexing agent that enhances the solubility and recovery of metals
because of its high selectivity and ability to resist interference from impurity ions; thus,
it has potential in leaching gold mines with low-grade characteristics, especially gold
ores containing carbon®2®, Moreover, because of the inorganic salt property of
thiosulfate, the environmental impact of using thiosulfate leaching is minimal®’-3,
Nevertheless, the application of the thiosulfate leaching method for low-concentration
gold thiosulfate complex (Au(S203)>>") recovery from leaching solutions is difficult.

Currently, methods for Au(S:0s3),>” recovery from leaching solutions are
precipitation®®, solvent extraction®’, adsorption®!, and electrodeposition®2. The product
obtained via the displacement precipitation process contains impurities and has a low
grade. Solvent extraction is an expensive process that requires a significant number of
organic solvents and strict control over the reaction conditions, resulting in increased
manufacturing costs>>. The adsorption method is a simple and cost-effective technique

that facilitates the interaction between ions and materials®*. However, the process of
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adsorption may encounter issues such as inadequate or excessive adsorption, which can
lead to a reduction in the amount of recovered gold®. The electrodeposition method
allows the migration and reduction of ions in solution, but the recovery of Au(S203).*",
particularly at low concentrations, is inadequate*®, possibly owing to insufficient force.

Considering that enhanced interaction between electrode and Au(S203)2>" could
be improved through applying materials, combining the advantages of adsorption and
electrodeposition could be adopted for realizing efficient recovery of Au(S203)2*>" as
well as reduction®’®. When the material is introduced, the attractive force between
targeted ions and material would be greatly enhanced®, thus strengthening the
migration of Au(S203)2° in solutions and the reaction of Au(S203),>~ on the electrode.
Electroreduction is achieved by coating materials on traditional titanium (T1) plates to
recover low-concentration Au(S203),>~ from aqueous solutions. The electroreduction
method has been applied in metal ion recovery40, such as Cr(VI)*!, Bi(IlI)*?, and
Zn(II)*, achieving simultaneous recovery and reduction. Herein, this approach could
solve the problem of low-concentration Au(S;03)>~ recovery.

Charcoal has the merits of a large specific surface area and rich oxygen-containing
functional groups, which provide sufficient reactive sites with Au(S203),> *+*°, Walnut
shells could be converted into biochar with high adsorption properties through a
specific preparation process*®. They are widely available and cost-effective, providing
a rich source of raw materials for biochar production, especially in Chin*’. Walnut shell
charcoal (WSC) has been proven that it can be utilized not only for adsorbing metal
ions but also as a catalyst carrier or electrode material*®. A titanium (Ti) plate with high
conductivity*” and good stability®® can be applied as the substrate for coating charcoal
materials to prepare the electrodes. In addition, Activation is a common way to tune
micropore structure of WSC. Thus, we proposed activation method to enrich micropore
structure of WSC for efficient electro reduction-recovery of low-concentration
Au(S203)2*". In this work, electroreduction using the WSC electrode is proposed to
achieve simultaneous efficient recovery of low-concentration Au(S:03):*" and

reduction.

6.2. Materials and methods
6.2.1. Materials

Walnuts were bought from Zhiyin Store, Wuhan Province, China. Standard

chloroauric acid (HAuCls, 1000 mg-L™") was purchased from Well Group Scientific
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Ltd., USA. Ammonium thiosulfate (98wt%) was obtained from Sigma-Aldrich
(Shanghai, China). Potassium hydroxide (KOH), sodium hydroxide (NaOH), sodium
sulfate (Na2SOs), and dimethylacetamide (DMA) (12.5 mg-mL ") were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Vinylidene fluoride was
procured from Alfa Aesar (China) Chemicals Co., Ltd. Ammonium thiosulfate
((NH4)2S203) was purchased from Aladdin Co., China. Conductive carbon black was
obtained from American Cabot, while carbon black was acquired from Suzhou Sinero
Technology Co., Ltd. (China). Deionized water was produced by Millipore SAS
(France) with 18.2 MQ.-cm.

6.2.2. Preparation of WSC

Walnut shells were crushed into powder using a crusher and screened with a 200-
mesh sieve (about 0.075 mm) as the original materials. Then, the powder was placed in
a porcelain boat and heated in a tube furnace at certain carbonization temperatures
(400°C, 500°C, 600°C, 700°C, and 800°C) in a nitrogen atmosphere for 60 min. After
cooling down to room temperature, the obtained black samples were washed with
ethanol and deionized water with mass ratios of deionized water and ethanol to samples
of about 1:900 and 1:100, respectively, to purify the product. Through freeze-drying at
—20°C in vacuum, the WSC was finally obtained. WSC is denoted as WSC-X, where

X 1s the carbonization temperature.
6.2.3. Preparation of multi-porous WSC

Based on the original WSC-400 materials, multi-porous AC was synthesized by
activation method. WSC-400 and KOH in a mass ratio of 1:3 were mixed and grinded,
and then the mixture was heated at a certain temperature under nitrogen atmosphere for
2 h. After cooling to room temperature, the obtained products were washed with HCI
and deionized water. Finally, through freeze-drying, multi-porous AC samples were
prepared. According to the synthesis temperature, 500°C, 600°C, 700°C, and 800°C,
samples were named as multi-WSC500, multi-WSC600, multi-WSC700, and multi-
WSC800, respectively.

6.2.4. Fabrication of WSC and multi-porous WSC electrodes

Samples, conductive carbon black, and polyvinylidene fluoride were mixed evenly

at a mass ratio of 8:1:1 in a mortar and dissolved in DMA. Then, with approximately
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30 mg + 5 mg of the mixture, using the flat part on the back of the spoon, it was evenly
coated on the Ti plate. Next, the electrode was heated at 60°C for at least 1 h to remove
the residual organic solvent. Finally, the prepared electrode was immersed in deionized

water to form and dried before use.
6.2.5. Au(S203)7 recovery by electroreduction

Briefly, a certain molar ratio (Au to S203> as 1 to 4) of ammonium thiosulfate was
mixed with deionized water, and an appropriate amount of sodium hydroxide was added
to control the pH to 10. Afterward, chloroauric acid and sodium hydroxide were added
dropwise in turn. During the process, the pH of the solution should be maintained at 10.
After all the required chloroauric acid had been added, the volume of the solution was
adjusted to 200 mL.

Two electrodes coated with samples with a specific voltage were put at a certain
distance into the electrolytic cell that contained the solution. The electrolytic cell was
connected to a peristaltic pump, and the solution was cycled at a speed of 50 rpm. At a
certain time, 2.5 mL of solution was extracted and filtered using a 0.22 pm filter
membrane. The concentration of filtrate was determined using an atomic absorption
spectrometer. The following formulas were used to calculate the adsorption capacity

and recovery:

Q= (Co—C) x (Vo = V) (1)

m

(Co—Cp)
R=——7— 2
- @)
Where C, and C; are the concentrations of Au at the initial and a certain moment,
respectively, mg-L™!; V, and V, are the volumes of reaction solution at the initial and

a certain moment, respectively, L; and m is the material mass used in the electrode,

mg.
6.2.6. Characterization

The pyrolysis was analyzed using a synchronous thermal analyzer (Nechi,
STA449F3Jupiter, Germany) in a high-purity nitrogen atmosphere at a heating rate of
10°C-min"!. The internal structure and morphology of materials were analyzed by X-
ray diffraction (XRD, D8 Advance, Bruker AXS, Germany) using Cu-Ka radiation.
Raman spectra were collected using an INVIA Raman microscope with an Ar laser
(Renishaw, England). Surface functional groups were analyzed using an American
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Nexus Fourier transform infrared spectrometer in the wavenumber range of 4000—
400 cm™!. Pore structure distribution, adsorption and desorption isotherms were studied
by the Brunauer—Emmett—Teller method (BET, V-Sorb X800, China). Microstructures
and corresponding energy dispersive spectra (EDS) were collected on a scanning
electron microscope (SEM, Phenom ProX G6, Netherlands) and transmission electron
microscope (TEM, FEI Tecnai G2 F20, America). The chemical element state was
determined by X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha,
America). The gold concentration of the solution was determined using an Agilent
280FS AA Spectrometer (G8434A, America).

6.2.7. Electrochemical measurements

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
were applied. Both experiments were measured in 50 mL of 1 mol-L™! Na,SO4 and
5 mg-L! Au(S203),>" via a three-electrode system (VersaSTAT-450, PAR, USA). The
working electrode operated in this experiment with about 1 cm? was made of the same
material as the electrode in the Au removal process. A Pt plate and a Hg/HgO 1M KOH
electrode were the counter electrode and reference electrode, respectively. The
frequency range of the EIS test was 0.01-10000 Hz. The specific capacitance (C, F-g’

1 of electrodes according to CV curves was calculated by the following equation:

1y ;
C 2mvAV (3)
Where [ was the current density, A; m was the mass of materials, g; v was the scan

rate in CV experiment, mV-s'; AV was the operating voltage difference, V.
6.3. Results and discussion
6.3.1. Synthesis of WSC and multi-porous WSC

WSC was obtained from walnut shells by the carbonization method, and it could
be divided into three stages according to the thermogravimetry analysis (TG) (Figure
6-1a). The first stage was the dehydration drying stage in the temperature range of 40°
C-120°C. Free water and molecular-bound water on the surface and inside of the
sample were removed’!, and the mass loss was 2.64%. The second stage was pyrolysis
in the temperature range of 120°C—-500°C. During the process at this temperature range,
at first, the TG curve was almost linear, with only a small amount of mass loss (0.35%)
due to the depolymerization reaction. Afterward, the TG curve decreased sharply, and
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most of the weight loss (63.71%) of the samples occurred in pyrolysis of cellulose and
hemicellulose. Small molecular gases (such as CO, CO2, and CH4) and condensable
macromolecule volatiles®® were produced to generate pores. Meanwhile, an obvious
weight loss peak could be seen in the corresponding DTG curve, and the weight loss
rate reached the maximum at 333.3°C, that is, the peak of the DTG curve, which was a
main weight loss stage. The third stage was the slow decomposition stage of the residue
in the temperature range of 500°C—800°C. The weight loss ratio was 4.49%, and the
weight loss process was relatively slow, mainly by lignin pyrolysis. At this time, the
change of the DTG curve was slow, and the decomposition rate was slow”>>>. Here, the
WSC samples with various carbonization temperatures, from 400°C to 800°C, were
synthesized to investigate the effect of carbonization temperature on electroreduction
Au(S203)2* performances. According to the below equation, the yield was calculated.

Y:Mbc

X 100% (4)
bs

Where M. and M, are the quality of biochar after and before pyrolysis,
respectively, and Y is the yield. The final yield is 28.8%.

In all carbonization processes, different gases were produced, causing the pore size
to increase with temperature and gradually reach saturation in the third stage.

TG-DSC analysis of WSC was obtained in Figure 6-1b to understand the possible
reaction during activation process. It was obvious that there were three significant mass
variation stage. The first stage with 2.60% mass reduction from normal temperature to
120°C was due to the dehydration drying. Next step arising at temperature between
120°C and 380°C with 5.34% mass loss involved the breakdown of cellulose, lignin,
and hemicellulose. Meanwhile, amounts of gases, such as CO, CO,, and CH4, were
produced and released to create pores in AC. The third stage with 19.40% mass loss
from 380°C to 700°C was resulted from the pyrolysis of lignin with a relatively slow
rate. The last stage from 700°C to 1000°C with just 3.61% mass loss was a slow
decomposition stage, demonstrating that the sample was hardly variable during this
stage. Therefore, most multi-porous AC samples were prepared at the temperature of

third stage to gain more micropores.
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Figure 6-1. (a) TG spectra of walnut shell powder. (b) Mass loss, DTG, and DSC of WSC.

6.3.2. Structure characterization

Crystal structure of samples was detected by XRD tests (Figure 6-2). There were
two clear broad peaks at about 22° and 44°, corresponding to the diffraction peaks of
graphite carbon, which indicated that WSC and multi-porous WSC belonged to typical
amorphous carbon®. Upward warping at a low diffraction angle in WSC was ascribed
to high porosity. A wide diffraction peak from 15° to 30° originated from the so-called
graphite structure (002) crystal plane. The intensity of the (002) crystal plane diffraction
peak was weaker, and the width was wider at the same time, which meant that the
graphitization degree of WSC and multi-porous WSC was relatively low. Higher
activation temperature, more structural collapse was intensified and less graphitic
structure remained. Moreover, the graphitization degree and order degree of WSC

multi-porous WSC increased with the increase in carbonization and activation

temperature, respectively>’%,
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Figure 6-2. XRD pattern of (a) WSC and (b) multi-porous WSC under various synthesis

temperature.

The molecular vibration and rotation of functional groups of WSC and multi-
porous WSC were tested by Raman (Figure 6-3). The characteristic peak at
1350 cm ™! originated from the vibration of the graphite carbon crystal edge, called the
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D band, representing the defect of the C atomic lattice. The characteristic peak at
1580 cm™! was a typical Raman peak of bulk crystalline graphite, called the G-band,
representing the in-plane stretching vibration of the C atom sp? hybrid and the degree
of carbonization of the material. This peak was the basic vibration mode of the graphite
crystal, and its intensity was related to crystal size. The intensity ratio of D-band and
G-band (In/Ig) was an evaluation of defective degrees in carbon structure. It was notable
that multi-porous WSC had a rather low Ip/IG ratio, endorsing their partially graphitic
structures. The intensity ratio of multi-porous AC was higher than that of WSC, being

ascribed to the structural collapse and erosion by KOH activation.
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Figure 6-3. Raman spectra of (a) WSC and (b) multi-porous WSC under various synthesis

temperature.

XPS was performed to investigate the chemical states of elements in WSC and
multi-porous WSC (Figure 6-4). There were strong absorption peaks at binding energies
of ~1223,~532, and ~284 eV in the survey spectrum (Figure 6-4a and 6-4d), belonging
to the absorption peaks of C KL1, O 1s, and C 1s, respectively, which indicated that
WSC and multi-porous WSC were mainly composed of C and O elements. Figure 6-4b
and 6-4e showed the C 1s XPS spectrum of WSC and multi-porous WSC, revealing the
carbon atoms of three groups on the surface. Binding energy peaks at ~284, ~286, ~288,
and ~290 eV corresponded to the C—C, C-O, COOR, and IT-IT* groups respectively™.
The O 1s spectra in Figure 6-4c and 6-4f showed two fitted peaks located at ~532 and
~533 eV, corresponding to C=0 and C-O oxygen-containing functional group
respectively, which may improve the wettability of WSC electrode and provide active

sites for reaction.
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Figure 6-4. XPS survey of (a) WSC and (d) multi-porous WSC, C 1s of (b) WSC and (e) multi-
porous WSC, O 1s of (c) WSC and (f) multi-porous WSC.

6.3.3. Morphology and pore characteristics

The morphology of all samples was characterized by SEM and TEM. In Figure 6-
Sa, 6-5b, 6-5c, 6-5d and 6-5e, all WSC samples had similar blocky morphology but
various pores. It could be seen that all WSC possessed irregular holes, as revealed in
white circles, corresponding to the results of cumulative pore volume curves. As the
carbonization temperature increased, the amounts of pores increased while the size of
the WSC decreased, which may be due to the gradual pyrolysis of lignin. Overall, the
higher the carbonization temperature, the richer the pore size. In addition, the distorted
areas in Figure 6-5f resulted from amorphous carbon.

FVSE-500

it

=
2
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Figure 6-5. (a-¢) SEM images of WSC under various synthesis temperature and (f) TEM image of
WSC.

Surface became rough (Figure 6-6) after activation, corroborating the activator’s
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pore-creating outcome. By the close views, it revealed that the surface is abundant with
slit-shaped and wedge-shaped pore structure, which would be desirable for absorption.
These different multi-porous WSC samples exhibited diverse dimensions of pores. With
the rising of the activation temperature, a widespread porous web created due to the
etching of KOH and gas release. The hierarchical porous structure with large amount
of mesopores and micropores co-reside on the wall of a macropores appeared on multi-
WSC700, which revealed WSC activated at 700°C most benefit for the generation of

multi-porous structure.

b

Sl Multi-WSG

w0

Figure 6-6. SEM images of multi-porous WSC under various synthesis temperature.

Pore characteristics were explored using BET test. The N2 adsorption—desorption
curves of WSC and multi-porous WSC in Figure 6-7a and 6-7d belonged to the type IV
curve, and there were adsorption hysteresis loops in the middle, corresponding to the
capillary condensation system of porous adsorbents. All the curves were an
intermediate types IV isotherms behavior with H4 hysteresis loops, verifying that the
samples have both micropores and mesopores. Based on the curves, the specific surface
areas of the WSC and multi-porous WSC samples were given in Figure 6-7c and 6-7f.
The specific surface area increased with the increase in carbonization temperature,

reached the maximum at a certain carbonization temperature, and then decreased. A
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large surface area was beneficial for providing more active sites. After activation, the
surface area was obviously improved, especially multi-WSC700 had the highest
specific surface area of 2783.3 m?/g.

Different pore size worked in various ways during the absorption process. The
presence of macropores and large mesopores facilitated ion diffusion, whilst small
mesopores and micropores increased ion-accessible surface area and significantly
contributed to adsorption capacity. The pores structure of WSC and multi-porous WSC
was obtained, and the cumulative pore volume curves and pore diameter distributions
were shown in Figure 6-7b and 6-7e, respectively. It could be concluded that there were
more pores when increasing the carbonization temperature. At higher than 700°C, the
pore channel collapsed, resulting in decreased pores and specific surface areas.
increasing activation temperature enhanced the mesopores and micropores volume of
WSC, especially micropores. When the size of the micropores was comparable to the
ion size, the micropores made maximum contribution to the EDLC due to high electro

absorption originated from the strong interaction of ions with the pore in wall.
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Figure 6-7. (a) Nitrogen adsorption-desorption isotherms, (b) cumulative pore volume curves, and
(c) surface area of WSC under various synthesis temperature. (d) Nitrogen adsorption-desorption

isotherms, (e) pore diameter distributions, and (f) BET surface area of multi-porous WSC.

6.3.4. Au(S203)7 recovery performances by electroreduction

Au(S203)>” recovery performances by the WSC electrode were evaluated. Figure

6-8 showed the adsorption capacity and corresponding recovery of different WSC
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electrodes. WSC electrodes showed excellent recovery of Au(S20:)> (highest
recovery of 95%), with WSC-400 having the lowest adsorption capacity. With the
increase in carbonatization temperature, recovery improved and then plateaued after
dropping a little. The dropped recovery, as observed for the WSC-800 electrode, may
originate from a less functional group and a corresponding smaller electric double layer

for ion storage.

[N}
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Figure 6-8. Adsorption capacity and recovery performances of Au(S>03),* on WSC electrodes.

Low-concentration Au(S203)>" recovery performances through electroreduction
via multi-porous AC was studied as shown in Figure 6-9a and 6-9b. The adsorption
capacity and recovery were improved by activation. Grown the activation temperature,
the adsorption capacity and recovery clearly enhanced, while little decrease in multi-
WSC800 was due to the collapse of the pores. To gain the insight of adsorption process,
“Webber-Morris” dynamics model (Eq. 5) was applied to study the kinetics ion
diffusion processes in electro reduction-recovery, and corresponding fitting data were
exhibited in Table 6-1.

g kt+C 5)

Where ¢ was the reaction time, min; g, was the adsorbed Au at ¢+ moment, mg/g; ;
was the rate constants, min™'; C was the constant.

After being fitted, the adsorption process was divided into three steps, surface
contact, diffusion, and balance. The fitting curve didn’t pass through the origin data,
revealing that the adsorption process was controlled by the internal diffusion and other
adsorption stages. For the first step, Au(S20s),* diffused rapidly to the surface of
electrodes under the synergistic forces of electric field force, concentration gradient
driving force, and attraction force from electrode. k; of multi-WSC700 electrodes was
highest, being resulted from strong interaction between multi-AC4 and Au(S203).>. As
for &, of multi-WSC700, it decreased but still reached a high place, that was the reason
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that macroporous and mesoporous structures provided efficient ion transport paths. The
third step was the balance due to the increase of mass transfer resistance. Smallest slope
of multi-WSC700 exhibited the best recovery performance. The results showed that the
mesopores and macropores paved a way for ion diffusion, and micropores provided
abundant active sites for Au(S203).> adsorption. Compared with other works using

similar materials in Table 6-2, this work achieved efficient and high recovery of

Au(S205)°".

()]
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Figure 6-9. (a) Adsorption capacity of Au(S203),* on multi-porous WSC electrodes, being fitted
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Table 6-1. Fitting parameters of Au(S203),* electroreduction recovery steps on multi-porous WSC

electrodes descripted by “Webber-Morris” dynamics model.

electrodes.

Materials Diffusion Internal diffusion
ki Ci R;? ko C R»?
ACl 0.289 -1.592 0.988 0.432 -3.796 0.997
AC2 0.467 -1.690 1 1.003 -10.395 0.985
AC3 1.184 -4.373 0.988 0.677 3.414 0.986
AC4 1.525 -3.712 0.997 0.592 10.623 0.998
ACS 1.220 -4.246 0.988 0.741 2.943 0.997
162

Rare and precious metal recovery at a low concentration via chemisorption and electrosorption coupling process



Dissertation-PCI. Weiquan Zhan

Table 6-2. Comparing recovery capacities of WSC, multi-porous WSC with other materials.

Concentration Recovery Recovery
Material References

(mg/g) capacity (mg/g) (%)

Cupric ferrocyanide-

100 1.474 75 60
impregnated activated carbon
AgFC-impregnated activated
100 1.212 70 o1
carbon
MMT-impregnated activated
10 1.9 93.7 62
carbon
SCN-AC 150 11.86 79 63
WSC 10 429 95.2 This work
Multi-porous WSC 5 36.33 100 This work

6.3.5. Gold element state after Au(S:03)> recovery

After being applied as an electrode for Au(S203):>~ electroreduction, the gold state
on electrode was explored by SEM-EDS and XPS. The SEM images (Figure 6-10a)
showed a similar morphology to before, with the corresponding EDS elemental
distribution. Figure 6-10b indicated the good distribution of Au on the surface of the

electrode.

Figure 6-10. (a) SEM image and (b) corresponding Au EDS mapping of electrode after
Au(S203)2% recovery.

Furthermore, XPS was conducted to study the gold element state and interaction.
From the XPS survey spectrum (Figure 6-11a), Au, C, and O elements were observed
on the electrode after Au(S203)2>" recovery, confirming the successful gold recovery
experiment. To further study the state of the gold, the Au 4f XPS spectrum was collected
and is displayed in Figure 6-11d. The binding energy peaks at ~84 and ~88 eV were

associated with the Au 4/7/2 and Au 4/5/2 peaks, respectively, indicating the presence
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of the gold element (Au’) after the recovery experiment. As for the other element
spectra, such as C (Figure 6-11b) and O (Figure 6-11c), they showed the same
functional groups as before recovery. The above results demonstrated that Au(S203)2%~

was successfully recovered in the form of gold particles by the electrode.
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Figure 6-11. XPS (a) survey, (b) C 1s, (c) O Is, and (d) Au 4f of electrode after Au(S>03)2*"

recovery.

6.3.6. Electrochemical behaviors

To explore the electrochemical behaviors of WSC and multi-porous WSC, CV, and
EIS were conducted in Na,SO4 and Au(S203),>~ solutions. To investigate the reaction
process, the CV curves revealed that in Au(S;03),*" solution (Figure 6-12), gold
depletion occurred in the range of —0.2 to —0.8 V, demonstrating a reduction reaction.
The area under the CV curve first increased and then decreased, with WSC-700 having

the highest capacitance, which was beneficial for the reaction of Au(S203)>".
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Figure 6-12. CV curves of WSC under various synthesis temperature in Au(S;03)2*~ solution.

The recovery performances would be related to mesoporous structure (Figure 6-
13a) because they usually served as the reactive sites. The better recoveries of WSC-
500 and WSC-600 than WSC-800 were due to more oxygen functional groups
interacting with Au(S203)2*>". The EIS curves in Na,SO4 (Figure 6-13b) showed a small
semicircle arc, with WSC-400 showing the largest impedance. With lower charge
transfer and reactive sites, WSC-400 had the poorest recovery ability of Au(S203)2*".
Therefore, the Au(S203)2>” recovery ability depends on both reaction ability and charge
transfer.

Multi-WSC700 performed the largest calculated specific capacitance which was
controlled by the micropore volume but independent of the mesopores volume, showing
the highest capacitance for ion storage (Figure 6-13c). lon diffusion was tested by EIS
(Figure 6-13d), the smaller diameter of semicircle meant the lower charge transfer
resistance in EIS. With more micropores and mesopores, the reactive sites were richer
and the transfer resistance was lower, and multi-WSC700 possessed relatively smallest
impedance and lowest resistance, resulting in a best performance for Au(I) ions transfer

and recovery.

165
Rare and precious metal recovery at a low concentration via chemisorption and electrosorption coupling process



Dissertation-PCI. Weiquan Zhan

a3 b 1000
WSC-400
—8— WSC-500
WSC-600
WSC-700
WSC-800

<

o
~
wn
S

-Zim (ohms)
g

e

—
)
W
S

800 3OO 400 500 600 700

e
=

Specific capacitance (F-g

WSC-400 WSC-500 WSC-600 WSC-700 WSC-800 Zre (ohms)
£740 d 30
C IOD —&— Multi-WSC500
u‘_‘ Multi-WSC600
- —&— Multi-WSC700
0 30r @ Multi-WSC800
1>} E 201
= =
8 S
‘20t =
g g
& N 10f
o 1
Q10+
= L
3 A __a ‘
o 0 10 20 30
wnn 0

Multi-WSCS00  Multi-WSC600 Multi-WSC700  Multi-WSC800 Zre (ohms)

Figure 6-13. Specific capacitance of (a) WSC and (c) multi-porous WSC. EIS curves of (b) WSC
and (d) multi-porous WSC.

6.4. Conclusions

The biochar electrodes based on WSC and multi-porous WSC were successfully
prepared to achieve the efficient recovery of gold at low concentrations. Various porous
WSC materials with tailored pore structures through adjustment of activation
temperatures was synthesized and the electroreduction performance for Au(S203)*"
recovery was systematically investigated. Applying WSC electrode, at an initial low
concentration condition, the recovery rate for gold was over 85%, with the highest
recovery of 95%, corresponding to a reduction of 42.9 mg-g!. The Au(S203)>
recovery reached ~100% from low concentration gold thiosulfate solution and the
adsorption capacity of Au(S203)2>" achieved to 36.33 mg/g when using multi-WSC700,
exhibiting significantly enhanced adsorption capacity and Au(S:0s3)> recovery
efficiency compared to non-activated counterparts due to the porous structure
facilitating efficient ion adsorption and storage. The recovery performance of
Au(S203)2°” in the electroreduction method was linked to the pore size and number of
functional groups of the electrode material. The greater the number of functional groups
and pore size active sites, the better the recovery eftect. This work offers new insights

into the electrochemical recovery of low-concentration gold elements from solutions

by electroreduction.
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Chapter VII.

7.1. Introduction
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Figure 7-1.

179
Rare and precious metal recovery at a low concentration via chemisorption and electrosorption coupling process



Dissertation-PCI. Weiquan Zhan

Figure 7-2.
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Figure 7-3.
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Figure 7-4.

Figure 7-5.
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Figure 7-6.
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Figure 7-7.
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Figure 7-8.
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Figure 7-9.

Table 7-1.
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Figure 7-10.
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Figure 7-11.
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Figure 7-12.
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Figure 7-13.
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Figure 7-14.
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Figure 7-15.

7.3.4.
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Figure 7-16.

Figure 7-17.
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Figure 7-18.

Figure 7-19.
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Figure 7-20.

Figure 7-21.
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Figure 7-22.

7.4.
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7.5.
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Chapter VIII. Conclusions

Low-concentration REEs and Au(I) recovery from solutions is very important to
the fields of hydrometallurgy, water treatment, and energy. Traditional approaches like
adsorption, chemical precipitate, electro deposition, and ion exchange were hardly used
in industrial applications because of their high-cost, or complex operations. This work
combined traditional electro deposition and adsorption, named as CEC process, to
realize highly efficient recovery of REEs and Au(l) from various leaching solutions.
The conclusions are listed as following:

1) Low-concentration REEs was totally recovered on the surface of oxygen-doped
MoS; through adjusting the interaction between REEs and sulfur or oxygen atoms.

2) Trace Gd(IIl) was efficient separated and recovered from REEs with similar
properties by inducing defects on MoS; electrode according to various interaction of
extra-nuclear electrons of REEs and unsaturated sulfur atoms.

3) Forecast based on simulation, La(III) can be separated and recovered by inducing
unsaturated Mo atoms on MoS: electrode.

4) Total desorption from MoS; based electrodes was achieved within 120 minutes,
and MoS: based electrodes kept good reuse ability.

5) Low-cost carbon-based electrodes achieved efficient REEs recovery with ~100%,
and different recovery performances were highly related with their functional groups
and pore distributions.

6) Tight interaction of REEs with the surface of electrode promoted the recovery.

7) Strong EDLC, and small charge transfer resistance enhanced REEs recovery and
storage.

8) Quick desorption of REEs within 20 minutes from carbon-based electrodes was
obtained.

9) Au(l) in thiosulfate solutions was recovered as the state of gold metal (90%
recovery) using carbon-based electrodes, which would shorten the traditional recovery
procedures.

10) To reduce the cost of electrodes, walnut shell powders as raw materials was used
to successfully prepare charcoal electrodes via carbonization and excitation methods.
11) Rich functional groups were beneficial for interaction with REEs and Au(I), more
pores facilitated the storage ability of target ions.

12) Compared with non-activated counterparts, multi-porous WSC electrodes

possessed the better Au(I) recovery with ~100% due to the porous structure.
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17) Au(l) recovery from thiosulfate leaching e-waste and gold ores solutions reached

100% in the existence of interfering ions.
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Chapter IX. Perspective

Here, the work presented a new method for REEs and gold recovery through
regulating chemisorption and electrosorption based on transition metal sulfide and
porous materials electrodes. Although the excellent recovery of REEs and gold under
low concentration condition was obtained, the actual component in leaching solutions
is complex. Therefore, in the future works, studying the REEs recovery from actual
leaching solutions and purifying gold particles from electrodes are two necessary works

to further promote the application of this method.
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