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Abstract

Hydrogen production and storage play a critical role in energy transformation from
fossil fuels to green energy. To realize the carbon neutralization target by increasing the
competitiveness of hydrogen as an energy vector, production and storage of hydrogen
must be made more efficient, safer, and cheaper, which is essential for future energy

security and economic development.

Water splitting via electrolysis holds great promise for hydrogen production, due to its
simplicity, sustainability, and high purity for industrial hydrogen production. Recently,
despite tremendous efforts have been devoted, platinum (Pt)-based catalysts are still
considered to be the most effective electrocatalysts for hydrogen evolution reaction
(HER). However, the high cost and low reserves of platinum-based catalysts greatly
limit their commercial application. To make hydrogen derived from water splitting
more cost-competitive, it is thus highly desirable to exploit low-cost, highly efficient
electrocatalysts to replace the expensive Pt-based catalysts. Furthermore, after
hydrogen production, the gaseous hydrogen needs to be stored safely and efficiently for
utilization by end-users. The current mainstream methods of solid-state hydrogen
storage including molecular physisorption and atomic chemisorption, both possess
either too high or too low enthalpy of hydrogen adsorption, which are not suitable for
practical application. The ideal hydrogen storage materials should be reversibly ab-
/desorbing hydrogen under mild temperatures with high hydrogen capacities. To this
end, it is extremely essential to design and construct new solid-state hydrogen storage
materials at atomic levels. Recently, the atomic metal-site (AMS) nanomaterials are
found to be promising catalysts and solid-state media for both the H> production and
storage, which is not only ascribed to the maximized atomic metals utilization but also

the unique electronic structure of various metal-site coordination motifs at atomic scales.

The aim of this project is to develop efficient and inexpensive AMS nanomaterials that

are expected to create new knowledge of atomic interface catalysis and develop



practical applications of solid-state hydrogen storage materials, reducing carbon

dioxide emissions and alleviating the air pollution.

First of all, with respect to hydrogen evolution, we demonstrate a straightforward, eco-
friendly, and scalable ball milling strategy for the synthesis of atomic Ru doped
defective MoS: catalysts (denoted as Rui@D-MoS2). The results indicate that single
atom Ru doping induces the generation of S vacancies, which could break the
symmetrical structures around the Ru atoms, resulting in an asymmetrical distribution
of electron. Accordingly, the performance tests confirm that the Rui@D-MoS: exhibits
superb HER performance, exceeding that of C-MoS2 by a factor of 9. Furthermore,
density functional theory (DFT) calculations unravel that the vacancy coupled single
Ru can induce much higher asymmetry degree of electronic distribution, which could
regulate the adsorption energy of intermediates, favoring the water dissociation and the
adsorption/desorption of H*. In addition, the electronic structure of the Rui@MoS: is

delicately tailored, effectively promoting the electrical conductivity of the catalyst.

Secondly, we use non-noble metal Co to replace Ru to directly modify the
electrochemical performance of the commercial MoS: for hydrogen evolution. Through
high-energy mechanochemical milling with CoO, the MoS2 can expose more active
sites due to the reduced size, abundant defects, and strain. Meanwhile, the isolated Co
atoms are found to be decorated onto MoS: (verified by HADDF-STEM and XANE
spectra), which can further engineer the inert basal planes of MoS: to make them
electrochemically active. The optimal HER performance of Co,0@Mo0S2-0.4 reaches
an overpotential of 94 mV at a current density of 10 mA cm™. This strategy provides
an economic and viable route to the batch preparation of efficient MoS2-based catalysts

for industrial HER applications.

The atomic metal sites nanomaterials also possess great potential to be used for
hydrogen storage as compared to the bulk metal counterparts. Herein, we propose a
defect engineering technique to modulate the coordination structure of interfacial Ti

atom for hydrogen storage. It is found that the uniquely unsaturated Ti atom can bind
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H> molecules via molecular chemisorption fashion. Differing from the weak Van der
Walls force and strong chemical bonding, the molecular chemisorption involves a
strong electronic interaction between Ti atom and molecular H2. Combined with the
DFT analysis, it is revealed that the binding energy of Hz for four-coordinates Ti atom
is determined to be 0.3 eV, which is evidently larger than that of the five-coordinates
Ti atom (0.18 eV). Besides, the hydrogen adsorbed remains the molecule form readily

facilitating the hydrogen desorption, while high temperature is required for titanium

hydride.

To further increase the density of atomic metal site for hydrogen storage, we select the
lightweight carbon-based material as the support to construct the atomic metal
decorated solid-state hydrogen storage material. It is found that the atomic Ti doped
carbon black (CB) nanomaterials exhibit increased hydrogen adsorption capacity as
compared to the pure CB. Meanwhile, the adsorbed hydrogen remains stable near the
room temperature, reflecting a molecular chemisorption fashion (weak chemisorption).
Notably, charging or discharging hydrogen can be easily manipulated via simply

increasing or decreasing the hydrogen pressure.

In summary, this thesis mainly focusses on designing and fabricating cost-effective,
efficient , and scalable AMS nanomaterials for both hydrogen production and storage,
and the reaction mechanisms of atomic metal sites in hydrogen production and storage

are also systematically studied.
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Chapter 1. Introduction



1.1 Background

The better mastery of energy resulting from scientific and technological progress is
to improve the living quality and to lead a better world. However, considering the
constantly consumed fossil energy reserves, immoderate reliance on fossil fuels has
now become a pivotal global challenge in today's economy. Presumably, the demand
for energy will increase ten-fold in the next 100 years!!), while the current fossil fuel
reserves are speculated to last at most 40 years for petroleum and 60 years for natural
gas!?!. Moreover, on the concern about the environmental issues and climate changes
caused by the combustion of fossil fuels, decarbonization of the energy supply is
highly urgent to shift from conventional carbon-based energy resource to
alternatively clean and renewable energy. Thus, the supply and utilization of low-

priced and clean fuels are particularly significant.

Up to now, among various alternatives, hydrogen has been considered as a promising
energy carrier to substitute fossil fuels, owing to its high energy density of 142 MJ/kg
3-3] environmentally friendly by-product, abundant reserves in earth and various
sources. Based on these merits, the successful development of hydrogen economy not
only can replace the scarce fossil fuels and simultaneously decrease the ever-increasing
emissions of hydrocarbon-based fuel combustion, but also benefit the economic growth
in a sustainable fashion!® 7. To achieve the hydrogen economy in the future,
technological challenges should be addressed in advance, including the fabrication of
hydrogen, storage and conveyance, as well as utilization. Nowadays, the well-
developed fuel cell technologies pave the way for the practical application of hydrogen.

However, the secure and efficient production and storage of hydrogen are still the

bottleneck of hydrogen economy.

To achieve the up-coming hydrogen economy, as mentioned above, one of the major
challenges is to fabricating hydrogen in an efficient, cost-effective and secure way.
Over the past decades, abundant feedstocks are available for hydrogen production with

various methods including hydrocarbon reforming, hydrocarbon pyrolysis, biomass
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conversion and water electrolysis!® °!. Currently, hydrogen production from fossil fuels,
such as hydrocarbon reforming and pyrolysis, is still the main pathway to meet almost
the entire hydrogen demand!!®. Over 90% of the global hydrogen supply is produced
by the reformation of fossil fuels, which involves the CO2 emission and still in short
supplyt'!> 121 Water electrolysis, as a sustainable and green hydrogen production
pathway, has the advantage of producing extremely pure hydrogen (>99.9%). Moreover,
hydrogen produced by water electrolysis can serve as the ideal energy carrier to adjust
the balance between the power generation from the renewable resource and end-use
energy demand!'¥]. Thus, hydrogen evolution via water electrolysis has inspired a great
scientific interest. Currently, the benchmark catalysts for catalytic hydrogen evolution
are still the noble Pt-based metal catalysts. Unfortunately, the utilization of Pt-based
cathode contributes over 55% of the total cost of the fuel cell system, and thus is not
practical for large-scale applications!'*!. Besides the high cost, the low abundance also
impedes the commercialization of Pt-based electrocatalysts. Therefore, low-cost,
scalable synthesis of efficient and stable catalysts for practical applications is still a

great challenge at present.

After production, hydrogen must be safely and efficiently packaged and stored, to bring
it for final use, while the efficient and secure hydrogen storage is still an indomitable
challenge for the hydrogen economy. Currently, the established techniques can enable
the hydrogen to be stored as compressed hydrogen, liquid hydrogen and as storage
material. Because of the safety consideration and high volumetric capacity, solid-state
storage via materials is considered as a promising transformative technology. However,
although various hydrogen storage materials have been developed, none of them can
satisfy the practical application due to the unsuitable enthalpy. Designing and

constructing new solid-state hydrogen storage materials is extremely important.

1.2 Objectives

The aim of this project is to design, optimize and controllably synthesize AMS catalysts

for hydrogen production and storage. To this end, the critical issues for hydrogen
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storage in metal-based materials are the poor thermodynamics and sluggish kinetics. In
addition, cost-effective catalysts with long durability are of great importance for
hydrogen production from water splitting. Monoatomic metal doped nanomaterials
have the advantage of bridging homogeneous and heterogeneous catalysts, which
allows the metal utilization up to 100%. Besides, the tunable electronic structures of
monoatomic metal doped nanomaterials are beneficial for the targeting reactions. The

specific objectives are listed below.

(1) Develop simple, efficient and scalable strategies for fabricating atomically dispersed

metal-based nanomaterials with controllable loadings.

(2) Regulate the coordination structures and morphology of AMS to evaluate the

hydrogen production and hydrogen storage performance of AMS nanomaterials.

(3) Understand the underlying structure-property relationship of different reaction

processes.

1.3 Structure of Thesis

The structure of this thesis is described as below, which is broken down into the subjects

covered in each individual chapter.

Chapter 1 gives an introduction of the thesis and describes the scope and key

contributions to the field of research.

Chapter 2 is a literature review, which covers the developments in hydrogen

production and storage, and the AMS nanomaterials

Chapter 3 summarizes various strategies applied in this project to develop and evaluate
the AMS nanomaterials for hydrogen production and storage, including sample
synthesis, structure and morphology characterization, electrochemical performance

tests, and density functional theory (DFT) calculations.

Chapter 4 describes a facile and scalable high-energy mechanochemical ball milling

method, which is applied to synthesize atomic Ru doped defective MoS: for hydrogen
4



evolution.

Chapter 5 introduces the one-step batch preparation of non-noble metal Co doped

MoS: nanomaterials for hydrogen production.

Chapter 6 presents a new hydrogen adsorption fashion via molecular chemisorption

by regulating the coordination number of the Ti atom.

Chapter 7 introduces the design and construction of the atomic metal site doped carbon
nanomaterials as solid-state hydrogen storage materials, which shows excellent

hydrogen storage performance.

Chapter 8 summarizes the key findings of this research and makes recommendations

for further development in this field.
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2.1 Hydrogen Production via Water Splitting

2.1.1 Hydrogen Evolution Reaction Mechanism

Electrocatalytic HER is the cathodic half reaction of water splitting, where redox
reactions take place at the electrode/electrolyte interface. Electrocatalytic hydrogen
evolution can be realized in electrolytes with various pH values. Generally, the
electrochemical HER involves three steps, including Volmer reaction, Heyrovsky
reaction and Tafel reaction. Depending on the pH value of the electrolyte, the HER

process can be described as follows:

Volmer reaction (discharge step):

Acid: H*+ M +e™ > MHgy, (2-1)

Alkali: H,O0+M +e~ - MH,;, + OH™ (2-2)

Heyrovsky reaction (desorption step):

Acid: MHu4 + H*+e~ > M+ H, (2-3)

Alkali: MH,4s + H,O0 +e~ > M +0OH™ + H, (2-4)

Tafel reaction (recombination step):

2MH ;s - M + H, (2-5)

Here, M represents the catalytic sites and Hads means the adsorbed hydrogen.

The difference of coverage of Hads on the catalyst surface will lead to different reaction
pathways. The Hads prefers to combine with a proton and an electron to generate a Hz
molecule under low coverage of Hads on the catalyst surface, leading to a Volmer—
Heyrovsky reaction pathway. In contrast, the high Hads coverage is preferable for the
Volmer—Tafel pathway that a H> molecule is generated via the binding of two adjacent

Hads atoms!! 2],



Tafel slopes are commonly utilized to reflect the dominant mechanism, which can be
obtained by replotting the polarization plots into Tafel plots. At 25 °C, the Tafel slope
for Tafel reaction is calculated to be 29 mV/dec. For Heyrovsky reaction, the minimum
Tafel plot is 38 mV/dec. While the rate determining step is the Volmer reaction, the

Tafel slope will be determined as 116 mV/dec®!.

Irrespective of HER occurring by Volmer—Heyrovsky pathway or Volmer—Tafel
pathway, the discharge step to form the intermediate Hads is always involved. Thus, the
Gibbs free energy for hydrogen adsorption (AGn*) is a vital descriptor to evaluate the
activities of a selected HER catalyst. For an ideal HER catalyst, the AGu* should be
neither too strong nor too weak!!!. The weak bonding strength between hydrogen atom
and catalyst surface is disadvantageous to the Volmer reaction step, while the strong
bonding strength makes the Tafel reaction or Heyrovsky reaction difficult, thus
unfavourable the release of H2 molecular®!. Figure 2-1 presents a volcano plot of
exchange current density (jo) vs. Gibbs free energy (AGu*) of adsorption of hydrogen
on individual catalyst. Apparently, Pt group metals possess the highest exchange
current density located at the summit of the volcano, exhibiting the highest activity, and

the Gibbs free energy of adsorption of hydrogen is close to zero.
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Figure 2-1. A volcano plot of jo vs. Gibbs free energy (AGux) of adsorption of hydrogen

on individual catalyst!®!,

2.1.2 Metal-based Catalysts for HER

As discussed above, Pt family materials are located at the summit of the volcano plot,
possess a AGu+ close to zero, indicating extremely high exchange current density
(shown in Figure 2-1). These features render the Pt group catalysts as the benchmark
electrocatalyst for HER. However, the limited reserve, high cost and poor stability have
impeded their broad commercial application. Various methods have been proposed to
address the issues, such as reducing the loading amount of noble metals, alloying or
hybridizing with other inexpensive transition metals¥. Lou et al. reported sub-
nanometre Pt clusters confined in hollow mesoporous carbon spheres (Pts/HMCS) for
hydrogen evolution!. Due to their high surface-to-volume ratio, the Pt clusters possess
high ratio of surface atoms, tunable composition, and electronic structure, resulting in
higher catalytic activity, as compared to the nanoparticles. It is reported that the
electrocatalytic activity of Pts/HMCS with a Pt loading of 5.08 wt% exceeds that of the
commercial 20 wt% Pt/C, and the calculated mass activity of Pts/HMCS is 12 times
higher than that of the commercial Pt/C. Alloying can modulate the electronic structure
of catalysts via bimetallic synergistic effect, which promises significantly enhanced
catalytic activity!®. To date, various Pt-based alloys are reported, such as Pt-M (M=Ni,

Co, Fe)l and PtRuNi®!, which display outstanding catalytic activity.

However, while considering commercial application, affordability, facile synthesis,
high durability and catalytic activity are normally involved®.. As a result, non-precious
metal catalysts have emerged and developed as alternatives. Up to now, metal sulphides,
carbides, nitrides, selenides, and phosphides (shown in Figure 2-2) have been

developed as promising candidates!'’l.
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Figure 2-2. Elements selected for constructing HER catalysts!!'!],

Molybdenum sulphide (MoS2) is a well-studied electrocatalyst because of its intriguing
structural and electronic properties. It is experimentally and computationally confirmed
that the HER activity of MoS: correlates linearly with the number of edge sites!!? 13/,
However, the 2D structure of MoS: is prone to stacking and aggregation owing to the
high surface energy and interlayer van der Waals attraction, which is adverse to HER
[13.14] 'Engineering the surface structure of MoS: to expose more active edge sites could
effectively enhance the electrocatalysis HER activity. Feng ef al. reported an interface
engineering of novel MoS2/Ni3S2 heterostructures, in which the outer MoS2 nanosheets
are decorated on the surface of the inner NizS2 nanoparticles, exposing abundant

interfaces!!®l. The observed cell voltage is only 1.56 V to deliver a current density of 10

mA cm 2.
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coordinate of HER for the S-vacancy range of 0-25%!'%l. (c) Electrochemical HER

performance of P-MoS:2 and MoS2-x s (x: 10—150)!!7). (d) Polarization curves obtained

with several catalysts [1¥],

Constructing active sites via defect engineering has emerged as a new perspective and
has been demonstrated to be an effective strategy to enhance the hydrogen evolution
performance by several groups!!*?%. The introduction of defects can effectively tune
the electrocatalytic performance of catalysts by regulating their electronic structures,
and thus improving the catalytic activity!?>-2*]. For example, Zheng et al. reported a
strained S vacancy engineer via exposing MoS: to Ar plasma (Figure 2-3a)'®l.
Combining DFT calculations, it is found that the strained S-vacancy sites can
manipulate the gap states even closer to the Fermi level, thus yielding an optimal AGu

(Figure 2-3b). Besides the plasma engraving, chemical etching agent (such as H202) is
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also reported to creating S-vacancy defects on the basal plane!'”l. By regulating the
etching duration, etching solution, and etching temperature, a homogeneously
distributed single S-vacancy onto the MoS: is obtained, resulting in an overpotential

decreased from 220 mV to 131 mV at the current density of 10 mA cm 2 (Figure 2-3c¢).

Besides the defect engineering for improving the numbers of active sites, doping
heteroatoms or coupling conductive substrates are also applied to tune the
electrocatalysis performance of MoSz. For example, it is reported that Co-doped MoS:
could reduce the free energy of hydrogen adsorption at the Co-promoted S-edge and
simultaneously increase the number of active sites, showing a low overpotential of 124
mV at 10 mA cm??”), Embedding MoS: on conductive substrate could improve the
electronic conductibility. Dai et el. reported a MoS2/RGO (reduced graphene oxide)
hybrid catalyst with low overpotential and small Tafel slopes (Figure 2-3d)!'®). It is
believed that the strong chemical and electronic coupling between the GO sheets and
MoS: contributed to the excellent HER performance, which could not only favour the

electron transport but also expose massive edges of MoSa.

2.1.3 Metal-free Catalysts for HER

Metal-based catalysts are efficient in electrocatalytic hydrogen evolution. However, the
disadvantages of metal-based catalysts include poor durability and stability,
susceptibility to gas poisoning, and low selectivity. Besides, the limited availability and
high cost of metal-based catalysts, especially the noble-metal-based catalysts have
blocked their large-scale commercial preparation and application®®!. Moreover, the use
of metal-based catalysts will lead to the release of metal ions, damaging the
environment?®). Thus, metal-free catalysts are also considered for electrochemical
hydrogen evolution in acid/alkaline environments, such as graphene, carbon nanotube,
and C3N48%33, Compared with metal-based catalysts, the abundance, tunable molecular
structures, and strong tolerance to acidic/alkaline environments endows these carbon-

based materials highly potential to be used as electrocatalysts.

14



For pure carbon, its activity towards HER is very low owing to the lack of 3d orbital
which could transfer the electrons. Regulating the electron structure of carbon-based

(21,34, 35 or doping with heteroatoms such as N, P and S

materials by creating defects
can enhance the electrocatalytic hydrogen evolution effectively. Yao ef al. firstly
reported a defect-derived active carbon (D-AC) with high activity to HERP?!. The
defects in D-AC were obtained via a simple removal of the doped nitrogen. The
observed overpotential of D-AC at 10 mA c¢cm™? is 334 mV, which is almost 60 mV
lower than that of the original high surface area activated carbon. The authors
contributed the enhanced HER activity to its defective and metal-free nature. However,

the catalytic reaction mechanism has not clarified. Later, the authors further conducted

a deep understanding on the origin of activity using a defective graphene fabricated by

a facile nitrogen removal procedure from a N-doped precursor¥l. It is reported that the

existence of defects in graphene could modulate the local electronic environment and
perturb the surface properties of graphene such as the specific surface area and surface
hydrophobicity. Density function theory (DFT) calculations were further conducted to
reveal the underlying catalytic mechanisms. It was found that 7557 defects are the most
active sites for HER with a lowest AG)- of -0.187 eV, as shown in Figure 2-4.
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Figure 2-4. Schematic energy image for the HER pathway on defective graphene in

acidic media B4,
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Heteroatom doping such as N, B, P and S, is also an effective method to alter the
electronic structures and electrochemical properties of carbon-based materials.
Typically, co-doping two heteroatoms possessing different electronegativities to that of
carbon, like P-N and S-N, could result in a unique electron-donor property of carbon
via a synergistic coupling effect*®l. As shown in Figure 2-5, the DFT calculations show
that the N and P co-doping in graphene matrix could significantly narrow the Gibbs
free energy of the hydrogen adsorption as compared to single doped counterparts [,
The electrocatalytic activity enhancement via N, P co-doping is also confirmed by
electrochemical measurements in both acidic and alkaline solutions. Both the
electrochemical measurements and theoretical calculations elucidate that heteroatom
doping could create more active sites and lower the Gibbs free energy of the hydrogen
adsorption by tailoring the density of states near Fermi level. However, the stability

(like defects in carbon-based materials) and activity of metal-free catalysts still need to

be considered before practical application.

Figure 2-5. The calculated free energy (AGu+) profile for HER at the equilibrium

potential for heteroatom doped graphene models"!l.
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2.2 Hydrogen Storage

2.2.1 Hydrogen Storage Materials

After hydrogen production, how to store hydrogen in an efficient and safe way is the
other bottleneck which needs to be addressed in advance for achieving hydrogen
economy. Currently, the established technique of hydrogen storage consists of three
means: compression, cryogenics and material-based hydrogen storage. Early in 2003,
the U.S. Department of Energy (DOE) released the set targets for hydrogen storage
system every five years starting in 2005. The set technical standards include gravimetric
and volumetric capacities, cycle life, costs, refuelling time and loss of usable hydrogen
37), Figure 2-6a presents hydrogen storage capacity of commonly used materials with
respect to the operating temperatures®”). According to the DOE, the set target for
automotive hydrogen storage systems is to achieve 5.5 wt% hydrogen in gravimetric
capacity for 20208% 31, Though the mass energy density of hydrogen is about three
times higher than that of gasoline, its volumetric energy density is only 10.1MJ/1 (liquid)
compared with 34.2 MJ/I of gasoline!*). In this case, compression or liquefaction is a
direct and easy way to improve the volumetric energy density. Compression is a
conventional and common method to store hydrogen through a fixed cylinder with
enhanced pressure. Recently, the commercially available hydrogen cylinder is achieved
a 70 MPa capacity, but the process of compression requires electrical consumption, and
the security is still under consideration!*’!. This is because of the nature of the hydrogen
as the smallest molecule which is highly buoyant and diffuse. In addition, the
volumetric hydrogen storage densities of compressed hydrogen system are still low*!],
By comparison, liquid hydrogen has a much higher volumetric energy density
compared to that of the compressed hydrogen. However, the severe preparation
condition and high storage criterion require a considerable energy input and specific
container as well as specialized management, making it unsuitable for mobile practical

utilization.
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Research interest was further transferred to the hydrogen storage materials, including
physical adsorption materials like metal-organic frameworks!*?!, carbon nanotubes!**],
zeolites!*¥), and chemical materials such as metal hydrides!*’! and complex hydrides!“®].
Hydrogen storage materials via physisorption will be beneficial to the fast refuel and
release of hydrogen. However, physisorption materials, such as the typical
representatives of carbon nanotube and classical MOFs, their adsorption enthalpies are
determined to be 4~7 kJ/mol*”), which can only stabilize considerable hydrogen under
cryogenic temperature. Room temperature will lead to a sharp decrease on the hydrogen
storage capacity. Compared with classical physisorption materials, enhanced
physisorption materials such as heteroatom (such as O) doped carbon-based materials,
possesses elevated sorption enthalpies!8l. However, the improvement of adsorption

enthalpy is limited, generally lower than 15 kJ/mol.

Different from physical adsorption materials of which hydrogen exists in the form of
molecules, chemical materials such as metal hydrides are chemically bonded to
hydrogen atom in their solid state by an absorption process. Storing hydrogen in metal
hydrides has many advantages as compared to compression, liquefaction and physical
adsorption method. The first merit is safety. Metal hydrides can be operated at relatively
mild conditions with low temperatures and pressures compared with compression and
liquefaction. The second advantage is that metal hydrides are capable of storing high
volumetric and gravimetric hydrogen storage densities. Figure 2-6b shows the
volumetric versus gravimetric hydrogen density for the various materials** °%. For
example, MgH> has a gravimetric hydrogen storage density of 7.6 wt% which well-
meet the target set by the DOE. Besides, metal hydrides possess good reversibility that
hydrogen could be charged/discharged by altering the temperature or pressure.
However, the poor thermodynamics and/or sluggish dynamics hinder their practical

application.
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Figure 2-6. (a) Hydrogen storage capacity of commonly used materials with respect to
operating temperaturel®”). (b) Volumetric and gravimetric hydrogen density of some

selected hydrides!*.

2.2.2 Regulations of Thermodynamics and Kinetics

Metals or alloys can reversibly react with hydrogen under certain conditions
(temperature and pressure) forming metal hydrides (MH). The reaction formula is

shown as below:
M + Ha — MHyx + AH (2-6)
Where the M represents metal.

Hydrogen storage performance of metal hydrides is normally characterized by
thermodynamics and dynamics, which reflects the barrier for de-/hydriding reaction of
metal hydrides. Currently, the regulation of the thermodynamic and dynamic
characteristics of metal hydrides is still a big challenge. Here, the thermodynamics and
dynamics of in hydrogen storage materials will be introduced briefly. For a specific
metal hydride, the entropy (4S) and formation enthalpy (4H) are used to characterize
the thermodynamic stability, while the activation energy of reaction (£.) is used to
describe the kinetic barrier. Figure 2-7 clearly illustrates the two factors influencing the

hydrogen storage performance. High AH normally leads to high desorption temperature
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under a specific hydrogen pressure, and the high Ea means sluggish kinetics, namely

low absorption/desorption rate and high reaction temperature.
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Figure 2-7. Schematic illustration of thermodynamic and kinetic barrier for de-

/hydriding reactions of metal hydrides 1!,

2.2.2.1 Thermodynamics

In respect to the thermodynamic, the formation of metal hydrides can be described by
pressure-composition isotherms, shown in Figure 2-8. The equilibrium of the Reaction
(2-7) is influenced by the interaction of three factors between hydrogen pressure (P),
concentration of hydrogen in the solid phase (C) and temperature (T)?. When the
reaction reaches the equilibrium under isothermal process, a “plateau” phenomenon
will occur in the metal-hydrogen system. The host metal would firstly transfer to a solid
solution (a-phase) by dissolving hydrogen. While reaching the solubility limit, the
nucleation and growth of the hydride phase (S-phase) will be induced. The flat plateau
zone indicates the coexistence of two phases (o and f), and the width of the plateau
reflects the reversible amount of hydrogen storage!*>’. The equilibrium pressure in the
plateau region is a function of temperature (T), which can be described by the van’t

Hoff equation shown below:

20



Inpd =22 -2 (2-7)

where, the Pl_fzq means the plateau pressure, AH means the enthalpy which reflects the

metal-hydrogen bond energy, i.e., the hydride stability, AS is entropy, R is the gas

constant, and 7 is the reaction temperature.

Obviously, experimental values of the enthalpy of hydride formation 4H can be

evaluated through the slope of the van’t Hoff plot, as shown in Figure 2-8.

Figure 2-8. Pressure-composition isotherm curves and corresponding Van't Hoff plot

related to the phase transition from metal to metal hydride 541,

2.2.2.2 Dynamics

The system kinetics is also a vital factor in a selected hydrogen storage material. The
hydriding and dehydriding kinetics of a target material is directly related to the time
required for given materials to uptake and release hydrogen at a certain temperature and

pressure.

Figure 2-9 depicts a typical process of hydrogenation between hydrogen and metal,
which includes several dynamic steps. Firstly, hydrogen is attracted to the surface of

the metal. Then, hydrogen will interact with the metal on the surface through van der
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Waals interactions and the hydrogen molecules are dissociated into atoms. Afterward,
the dissociated hydrogen atoms will diffuse from the surface into the bulk through a

55571 During the hydride formation

surface layer. Lastly, the metal hydrides are formed!
process, the slowest process dominates the overall reaction kinetics, which is known as
the rate-limiting step or kinetic barrier™®. To evaluate the dynamics of system,
Johnson—Mehl-Avrami—Kolmogorov (JMAK) model is widely used, equation shown

as below [3-39-61]

a=1— e &7 (2-8)

where o is the reaction fraction, £ is the constant of reaction rate, ¢ is the reaction time,
and 7 is the reaction order used to understand the dehydrogenation mechanism. Thus,
the Avrami exponent n and the rate constant £ can also be determined by fitting the
desorption curve. The obtained k values are further used for estimating the apparent

activation energy Ea by Arrhenius equation:

K = Ae~Fa/RT (2-9)

where A is the pre-exponential factor, R is the gas constant, and T is the Kelvin

temperature.

Figure 2-9. The reaction process of hydrogen with storage material>®!,
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2.2.2.3 Regulations of Thermodynamics and Kinetics

Though metal hydrides possess high mass hydrogen storage density, their poor
thermodynamics and/or sluggish kinetics cannot meet the end requirement of DOE for
hydrogen storage system standards, it is therefore cannot be commercialized. For
example, the high stable magnesium hydride possesses a heat of formation of -74.5
kJ'mol"H> and an entropy variation of -135 J-mol'H2K'!, leading to a
dehydrogenation temperature up to 300 °C. Thus, great efforts have been devoted to

improving the thermodynamics and sluggish kinetics of hydrides.

The unfavourable thermodynamic stability of metal hydrides is rooted in the strong
bonding nature between metal and H. Till now, strategies for destabilizing hydrides and
improving the kinetics include alloying with another elements or forming solid solution
62651 "doping catalysts, nanosizing and so on. Altering the binding energy of Mg with
H in MgH> by partial substitution with elements to form alloys could weaken the bonds
with H, such as transition metals (Fe, Ni, etc.)*¢®]. For example, the hydride formation
enthalpy of typical MgaNi alloy decreased to —64 kJ-mol!-Hz as compared with -74.5
kJ-mol!-Ha of MgH2!%?]. It was found that the interaction between Ni and H is stronger
than that of Mg and H in Mg:NiH4, but this Ni-H interaction in Mg>NiH4 is much
weaker compared with the Mg—H interaction in pure MgHoz, resulting in a lower
formation enthalpy of Mg:NiH4P% 31 61 Destabilizing metal hydrides by adding a
reactive additive B to change the reaction pathway could optimise the thermodynamics
as well. For example, Vajo et al. reported a Si doped MgH>2 system, in which the

desorption enthalpy was sharply decreased to 36.4 kJ-mol! owing to the formation of

Mg>Si.

Adding catalysts such as metal oxides and transition metals, is also an effective strategy

(791 For example,

to optimize the hydrogen sorption/desorption kinetics of magnesium
researchers found that Nb2Os doped MgH2 could adsorb 7 wt% H2 within only 1 min
and desorb hydrogen within 2.2 min at 300 °C!7!, It was found that Nb2Os is active at

the surface by accelerating the pathway of hydrogen diffusion through the surface
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barriers in the reaction!®®]. Transition metal fluorides, such as TiF3 and NbFs, are also
used as catalysts introducing into MgH> to improve its kinetics!’>74. The desorption
temperature was decreased by 64 K in the MgH2 + 2 mol% NbFs system as compared
to pure MgH:> detected by diffraction scanning calorimetry (DSC) examination and the
activation energy for hydrogen desorption is estimated to be ~90 kJ/mol. It was claimed
that both metal and fluorine anions contribute to the kinetic enhancement of MgHo.
Specifically, during the desorption, Nb atom of the catalyst could activate the Mg—-H
bond of MgH> by which the unoccupied orbitals of the catalyst could accept the
electrons of the bonding orbitals of MgH2 accompanied by a back-donation from the
electrons of the occupied orbitals of the catalyst to the anti-bonding orbitals of MgHoa.
The electronic exchange reactions could facilitate the Mg—H dissociation, thus
accelerating recombination of hydrogen atoms. In addition, the introduction of F~ anion
would lead to the formation of MgF, which is highly reactive and protective toward H
uptake. Alternatively, F~ anion may also directly acts on the generation of the
catalytically active species. Similarly, Yu et al. reported an enhanced hydrogen sorption

(73], The obtained activation energy from the

property in Ni and Co-catalyzed MgH>
desorption data of MgH2/NiCl2 and MgH2/NiClz is 55.9 kJ/mol and 37.2 kJ/mol,
respectively, smaller than that of pure MgH2 sample. Moreover, further kinetic
investigation illustrated that the slow, random nucleation and growth process-controlled
hydrogen desorption process was transferred to two-dimensional growth after the

addition of NiClz or CoClz, indicating a reduced barrier and lowered driving forces for

nucleation as compared to the pure MgHb, thus enhanced the kinetics.

The negative impact of the above strategies is the decrease in hydrogen storage capacity.
Moreover, systems with additives like Si may suffer from poor reversibility. In contrast,
nanosizing is a promising method which could not only maintain its hydrogen storage
capacity, but also destabilize the thermodynamics, and improve the dynamics of metal
hydrides. Compared with their corresponding bulk materials, nanoscale particles
possess distinct physical and chemical properties originating from the increased surface

energy and lower atom coordination as well as the appearance of unsatisfied bonds!?].
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As to the desorption/absorption process of a nanostructured materials, the free energy

of formation can be expressed below!¢!:

3VmMAM-MHS (V.T)
r

AG(r) = AGy(r) + RTIn ( “Mp”z ) + (2-10)

amPh,

Where the volume-adjusted surface energy difference is given by [7677]

Evtomain, (1,7) = [VMHZ (r) (2 ) —m(r)] + Bags (211

Vm

Here, VM means the molar volume accounting for volume changes. Inclusion of these

surface energy terms gives a new van’t Hoff relation, showing that size reduction
lowers the heat released (AH") as long as Ey_,yp, is positive (AH is a negative quantity)

1llustrated as below:

AH'  ASg

InP:? =
Hy RT R

(2-12)

AH' = AHy + MMM (5,13

Here, Ey_mp, will be positive as a volume expansion is usually accompanied with
the hydriding reaction. A smaller magnitude for AH' means that MH2 nanoparticles

will be destabilized with respect to the bulk MH2"7!,

Size-dependent effect from the nanostructure is also favourable for enhancing the
kinetics via optimizing the dissociation and penetration of hydrogen at the interface and
the nucleation of f-phase. Decreasing the particle size could increase the surface area
and porosity which will be beneficial for the dissociation of hydrogen atoms via
offering a larger number of dissociation sites and allowing fast gaseous diffusion to the
center of the material. In addition, the increased volume in the amorphous grain
boundary by decreasing size could weaken the binding between metal and hydrogen

atoms, which favours the site-to-site hopping and diffusion of hydrogen!’¢].
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2.3 Atomic Metal-site (AMS) Nanomaterials

2.3.1 Advantages and Synthetic Strategies of AMS Nanomaterials

2.3.1.1 Advantages

The research and development of catalysts is presently undergoing a rapid growth both
in academic research and industrial applications. In fact, more than 80% of industrial
products involve the application of catalysts to accelerate the target reaction!’®). The
central role of a catalyst is to activate the reactants, improve the reaction kinetics, and
deactivate undesired side reactions. Hence, the properties of catalysts such as activity,
cost, efficiency, selectivity and durability are widely considered and designed by
scientists for a given reaction. Conventional heterogeneous catalysts seem to be a
possible solution to overcome the issues above, but the catalytic activation would
decrease significantly owing to the limited atomic utilization and the uncontrollable

coordination structure.

One promising solution is to embed atomic metals on solid supports thereby creating
typical atomic metal-sites (AMS) nanomaterials'’! (Figure 2-10a). The AMS
nanomaterials are conceptually building a bridge between homogeneous and
heterogeneous catalysis, which naturally inherit the merits of both homogeneous and
heterogeneous catalysts. The typically structure feature of AMS nanomaterials is the
maximization of the metal utilization (up to 100%), the well-defined active centers and
unique electronic structures, which allows utility of AMS nanomaterials in a broad
scope. The exhibited catalytic activity of AMS catalysts is markedly higher than that of
the nanostructured catalysts, owing to the maximized atomic utilization efficiency and

80. 811 Moreover, the tunable coordination

high specific/mass activity (Figure 2-10b)!
configuration and unsaturated coordination environments of the active centers in ACs
have demonstrated excellent catalytic performance for CO oxidation!®?!, water—gas shift

(WGS) reaction®* 34 and (photo)electrochemical reactions!®> 861,
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Figure 2-10 (a) Building a bridge between heterogeneous and homogeneous catalyst

[791(b) Specific activity vs. metal loadings/sizes 7).

2.3.1.2 Synthetic Strategies

Great efforts have been devoted to developing AMS nanomaterials in the past decade,
and various methods are reported, including wet-chemistry method, metal organic
framework derived AMS, thermal emitting method, photo-chemical method, and

atomic layer deposition (ALD).
Wet-Chemistry Method

Wet chemistry method is a commonly used strategy for constructing desired metal
atoms on selected support because of their facile operation and sustainable nature.
Generally, the wet-chemistry method consists of three consecutive processes: (1)
dispersion of a desired metal precursor on the support; (2) calcination after drying; (3)
reduction® 81 Although its general versatility to diverse supports, the wet-chemistry
method may be inappropriate to fabricate high metal loading catalysts. Li et al. reported

isolated Pt single atoms anchored on a graphitic carbon nitride with a weight content of
0.16 wt%!°"). Pt atoms would become dense and form the sub-nanometer clusters while

the loading content reached 0.38 wt%.
Metal Organic Framework Derived AMS

Metal organic frameworks (MOFs) are organic-inorganic hybrid porous materials that
consist of uniformly distributed metal nodes coordinated to organic linkers. They are
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considered as ideal precursors for fabricating AMSs supported on MOFs-derived
carbons®'-l, The authigenic nitrogen sources in MOFs could anchor and stabilize the
target metal atoms by forming strong metal-nitrogen coordination bonds. Pyrolysis is
an essential approach to transfer MOFs into metal atom anchored carbon-based
materials. However, constructing isolated metal sites and avoiding aggregation during
high temperature are still big challenges. According to Han et al., there are two
synthetic methods for constructing MOF-derived carbon-supported AMS

nanomaterials®’.

The first strategy is to prohibit the aggregation of the target metal atoms during the
synthesis process by pyrolyzing predesigned MOFs. In this method, bimetallic zeolitic
imidazole frameworks (ZIFs) with target metal are designed, in which one of the metals

94,98-1001 Recently, zinc-based zeolitic imidazole frameworks

acts as a sacrificial agent!
(ZIF-8) are commonly used, in which zinc acts as the sacrificial metal owing to its low
boiling point (=906 °C). The target metals such as Fe**, Co?", Ni*", etc., which have
similar ionic size and charge with Zn**, could coordinate with 2-methyl imidazole and
homogeneously distribute in the Zn-based metal-organic framework, resulting in
bimetallic ZIFs. Thus, bimetallic ZIF-derived carbon supported individual metal atoms
are synthesized by evaporating zinc under high temperature treatment. As an example,
Yin et al.®® achieved stable Co single atom with high metal loading over 4 wt%
supported on N-doped porous carbon (Co AMSs/N-C) through carbonized Zn/Co ZIF
under a high temperature. The mechanistic illustration of the formation of Co AMSs/N-
C is summarized in Figure 2-11a. The added Co*" can replace a certain proportion of
Zn**, and the existence of Zn>" could serve as a “fence” to further enlarge the adjacent
distance of Co atom, thus preventing Co aggregation under high temperatures. During
pyrolysis, low boiling point Zn atoms are evaporated, and Co nodes are in situ reduced
by the carbonization of the organic linkers. The Co EXAFS spectra and the
corresponding EXAFS fitting curves for Co AMSs/N-C in Figure 2-11b and ¢ showed

that no Co-Co peaks were found, and the coordination numbers of the Co-N within Co
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AMSs/N-C treated under 800 °C is 4, indicating the atomically dispersed Co on N-

doped carbon.
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Figure 2-11. (a) The mechanism illustration of the formation of Co AMSs/N-C; (b) Co
K3-weighted y(k)function of the EXAFS spectra; (c) The corresponding EXAFS fitting
curves for Co AMSs/N-C treated under 800°C. Insets are the proposed Co-N4

architectures [*%1,

The second method is to remove metal nanoparticles via acid treatment, leaving
individually dispersed metal sites on MOF-derived carbon support, if aggregation
cannot be avoided during pyrolysis. For example, Yang et al. reported a monoatomic
Mn supported on the 3D graphene framework obtained through Mn based MOFs (Mn-
BTC) with post-treatments!'°'l. As illustrated in Figure 2-12a, the calcination of Mn-
BTC resulted in ultrafine MnO nanoparticles embedded on graphene framework. The

following HCI etching treatment could effectively remove the MnO nanoparticle and
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the annealing process under NH3 atmosphere ensure the Mn atom atomically dispersed
on graphene skeleton (Mn/C-NO). The HAADF-STEM image of the Mn/C-NO in
Figure 2-12b confirmed the homogeneously and individually dispersed Mn atom
incorporated within MOF-derived carbon support. Chen et al. also reported a MOF-
derived N-doped carbon anchoring single tungsten catalyst for electrochemical
hydrogen evolution!'?l, The synthetic route is shown in Figure 2-12¢ that the MOF
(UiO-66-NH2) is applied to encapsulate tungsten precursor (WCls). The pyrolysis
followed by hydrofluoric acid treatment strategy successfully synthesized single W
atom embedded on N-doped carbon. The uniformly dispersion was evidenced by the
HAADF-STEM image (Figure 2-12d) of the W AMSs. The ICP-OES analysis indicated

that the loading content of W is 1.21 wt%.

a)® b

annealing

Figure 2-12 (a) Schematic illustration of the synthetic process for Mn/C-NO; (b)The
HAADF - STEM images of Mn/C-NO [°U; (¢) The schematic illustration of the

formation W-AMSs; (d)The corresponding HAADF-STEM image of the W-AMSs

[102]
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Thermal Emitting Method

Thermal emitting method is a facile gas-migration strategy which directly transform
bulk metal materials into single atoms onto a substrate. Li’s group firstly reported this
method for fabricating individually dispersed Co atom onto nitrogen-rich porous carbon
with the assistance of ammonial'®®). The schematic illustration of thermal emitting
method for trapping Cu atoms is presented in Figure 2-13a and b. Specifically, zeolitic
imidazolate framework (ZIF-8) and Cu foam were placed separately in a porcelain boat.
Then, the porcelain boat was placed into the tubular furnace, in which the Cu foam was
placed in front of the airflow. During heating, the ZIF-8 was firstly pyrolyzed under
argon atmosphere at 1173 K, forming N-rich porous carbon with abundant defects and
empty zinc nodes. Afterward, the Ar was converted to NH3 which could react with Cu
under high temperatures based on the strong Lewis acid-base interaction, forming
volatile Cu(NH3)x species. The resulting Cu(NH3)x species can immigrate to the
carbonized ZIF-8 and be trapped by the defects on the N-rich carbon substrate, resulting
in atomically dispersed Cu on N-doped carbon(Cu-SAs/N-C). The ICP-AES was used
to identify the copper content, in which 0.54 wt% Cu was obtained. The authors also
indicated the generality of this gas-migration method for fabricating a variety of

functional SACs (such as Co and Ni).

Subsequently, Li’s group modified the thermal emitting method for fabricating
atomically dispersed Pt on graphene oxidation (GO)!'*Y. As shown in Figure 2-13c,
dicyandiamide (DCD), Pt net, and GO were placed sequentially in a porcelain boat, in
which DCD, Pt net and GO served as NH3 source, Pt source and support, respectively.
The pyrolysis process was carried out under Ar atmosphere. The formation mechanism
is similar to the Cu-SAs/N-C, involving the generation of ammonia gas under high
temperatures by the decomposition of DCD, then forming strong coordination
interaction with Pt atoms and lastly oxidized by oxygen-containing functional group on
the surface of GO. The removed oxygen-containing functional group during pyrolysis

can create a large number of defects (DG) which could further anchor the Pt atoms (Pt
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SAs/DG). The Pt content in PtSAs/DG reached 2.1 wt% as measured by the ICP-AES,
obviously higher than that of the Cu-SAs/N-C.
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Figure 2-13. Schematic illustration of the preparation of Cu-SAs/N-C %1 (a)

Apparatus diagram; (b) Proposed reaction mechanism. (c) Apparatus diagram for

synthesizing Pt SAs/DG!%4],
Photo-Chemical Method

Zheng et al. firstly reported the atomically diapered Pd catalyst (Pdi/TiO2) on ultrathin
TiO:2 nanosheets through a room temperature photochemical deposition strategy!!%%.
Ultraviolet (UV) light was applied to induce the deposition of atomic Pd. In details, UV
irradiation can generate electron-hole pairs on TiO2 nanosheets, electrons were trapped
in Ti-3d orbitals to form Ti*" sites, and holes broke the Ti-O bonds between glycolate
and TiOg, resulting in the formation of —-OCH2CH20- radicals (EG), which play an
essential role in preparing Pdi/TiOz. Thereafter, the introduced H2PdCls was absorbed
onto TiOz, liberating two CI~ of PdCI*>" under the UV treatment to yield intermediate

PdClL2 units. The subsequent replacement was occurred between Cl™ in PdCl2 unit and
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the OH group in EG, forming the PdCI11/Ti02 intermediate. Further UV treatment could

remove the remaining CI', thus stabilizing isolated Pd atom on TiO2 by forming more
Pd-O bond. Yao et al. also reported defect-induced Pt—Co—Se coordinated sites (CoSez-

x-Pt) by the photochemical method!'%!. In their research, the plasma induced defects
can evidently increase the loading amount of Pt (2.25 wt%) by photochemically
depositing Pt precursor under UV irradiation (shown in Figure 2-14). Moreover, Wu et
al. applied iced-chemistry to prepare atomically dispersed Pt via ultraviolet (UV)
irradiating the frozen chloroplatinic acid (H2PtCle) aqueous solution. The iced-
photochemical reduction ensured the high loading amount of Pt (2.6 wt%) and the
isolated states of Pt single atoms on the mesoporous carbon. In a sharp contrast, the
conventional photochemical reduction of H2PtCls aqueous solution led to the formation

107

of Pt nanocrystalst'?’l. More recently, the photochemical method is also successfully

used to fabricate isolated diatomic Pt and Ru on g-C3N4!1%8,

1
|
] ©sSe Pt
P s ;
d .. e {": Se vacancy
: CoSexs-Pt

Figure 2-14. Schematic illustration of the Ar-plasma-induced exfoliation of CoSez-

origin and the loading of single Pt by UV irradiation!!%¢/,
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Atomic Layer Deposition (ALD)

Atomic layer deposition (ALD) is a tool for the atomic precise design and synthesis of
catalysts. Recently, ALD is also proved to be a powerful method for precise and facile
synthesis of SACs by the sequential and self-limiting surface reactions!!®-'3. Through
simply controlling the number of ALD cycles, the density, size, morphology and
loading of Pt on graphene can be precisely regulated. Sun et al. reported the isolated
single Pt atoms anchored to graphene nanosheet by using the ALD technology for
methanol oxidation reaction!!®!. The synthesized single-atom catalysts presented a
dramatically enhanced catalytic activity (up to 10 times) over that of the commercial
Pt/C catalyst. Figure 2-15 (a to d) represents a typically schematic illustration of the
ALD deposition. Generally, the ALD process includes two half-reactions. During the
first half-reaction (Figure 2-15a and b), the metal precursor (MeCpPtMes,
methylcyclopentadienyl-trimethylplatinum) will react with the substrate (graphene
nanosheet), in which a fraction of reactive ligands of the metal precursor will be
partially removed by reaction with active sites (functional groups or defect, here is a
monolayer of oxygen containing function group), leading to a Pt-containing monolayer
to be formed on the substrate surface. In the second half-reaction (Figure 2-15¢ and d),
the Pt-containing monolayer reacts with the subsequent oxygen pulse, thus forming a
new adsorbed oxygen layer on the Pt surface by removing the remaining ligands of the

Pt-containing monolayer. The corresponding half-reactions are shown as below.

Pt-O* + (MeCp) Pt (CH3)3 — (CH3)2Pt (MeCp) + CO21 + H201 + fragments  (2-14)
(CH3)2 Pt (MeCp)* + O21 — Pt-O* + CO21 + H201 + fragments (2-15)
Here, ‘*’ represents an active surface species, and Pt-O* represents oxygen molecules
(or dissociated oxygen ions) that are adsorbed on the Pt surface. The two half-reactions
consist of a complete cycle of ALD method, producing atomically dispersed metal
species on the selected substrates. Increasing the cycles of ALD could lead to the

formation of clusters or even particles.
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Figure 2-15. Schematic illustration of the ALD method for synthesizing atomically

dispersed Pt on graphene nanosheet!!%],

2.3.2 AMS Nanomaterials for Hydrogen Production

For electrocatalytic HER, downsizing Pt nanoparticles to isolated Pt species anchored
on support is an effective tactic for both maximizing metal utilization and decreasing
the cost. Sun et al. reported a Pt AMS supported on N-doped graphene nanosheets
(Pti/NGN) by the atomic layer deposition (ALD) technique!!'¥. The catalytic activity
was significantly enhanced, which is 37 times higher than that of the commercial
platinum/carbon catalysts. DFT calculations illustrate that the partially unoccupied 5d
orbital density of states (DOS) of Pt 5d character contributes to the excellent catalytic
activity. Other than precious Pt-based catalysts, downsizing nonprecious metals into
monodispersed metal species could also achieve a remarkably improved water
oxidation property that their corresponding nanocatalysts do not possess. Recently, Yao

and co-workers reported an active site of atomic Ni anchored on carbon matrix for
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superb HER!!>- 1161, Electrochemical tests exhibited a much-decreased overpotential of
70 mV for achieving 10 mA cm, which is comparable to the commercial Pt/C catalyst,
shown in Figure 2-16a and b. XAS and DFT analysis demonstrated that the excellent
HER and OER performance was ascribed to the unique configurations of atomic Ni in

the defects of DG (defective graphene) substrate.
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Figure 2-16. The zoomed-in image of the defective area with atomic Ni trapped (a) and

corresponding HER performance (b)!!!3].

However, the preparation of single metal atoms often suffers from particle
agglomeration due to the extremely high surface energies. Therefore, fabrication of
AMS nanomaterials with high loading is still a big challenge. Recently, defect
engineering has emerged as a new perspective and has been demonstrated by several
groups!!®-24 17 1181 The introduction of defects can effectively tune the electrocatalytic
abilities of catalysts by regulating their electronic structures, and thus improving the
catalytic activity!>>®!, For instance, transition-metal dichalcogenides (e.g., MoS:2) have
also been verified to increase their intrinsic hydrogen evolution activity through defect-
induced asymmetric electronic structure distribution!!”- 111291 Besides, defects can also
be served as unique anchor sites and disperse single metal atoms on various supports.
Trapping atomic metal species with defects can effectively stabilize these single metal
atoms against migration and aggregation, enhance the stability of defects during

electrocatalysis, and even restructured their local electronic distribution through the
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23, 121-123] Recently, Yao et al. reported an atomic Pt

diverse coordinated configurations!
catalyst via defect engineering strategy!'?*. Remarkably, a high loading of 2.25 wt%

atomic Pt is obtained, without forming Pt particles or clusters.

2.3.3 AMS Nanomaterials for Hydrogen Storage

As discussed previously, neither molecular physisorption nor atomic chemisorption can
meet the targets of the DOE. The inherent issues of the two hydrogen storage methods
are ascribed to the unsuitable adsorption enthalpies of hydrogen. The reported solutions
are mainly focused on how to improve weak molecular physisorption, or to decrease
the strong atomic chemisorption, so as to form a moderate binding energy. However,
none of current materials can meet the practical application requirements. The ideal
hydrogen storage materials should be reversibly operated under mild temperatures with
fast charging/discharging kinetics. This means that hydrogen can be stored in molecular
form, but in a weak chemisorption manner, called molecular chemisorption. This
fascinating hydrogen storage method simultaneously endows materials the good
reversibility as physical adsorption and moderate stability under room temperature as

chemical adsorption, which may stand out as a promising hydrogen storage method.

The molecular chemisorption process can be classified into weak chemisorption
involving the gas—solid interactions at the surface. Hence, the structure of adsorption
sites at the surface is vital to uncovering underlying mechanism of molecular
chemisorption, which is the prerequisite to both materials design and hydrogen
adsorption behavior. Early in 1984, Kubas et al. experimentally discovered a non-
dissociative form of hydrogen adsorbed onto a coordinated transition metal (TM)
complex, W(CO)3(P/Pr3)!!!. In this TM complex, W atom is linked with five
coordinates, and the hydrogen molecule is chemisorbed without dissociation via a side-
on coordination binding to W atom. However, the bond length of hydrogen is stretched
by approximately 20% longer than that of free H2. To explain the dihydrogen binding
coordination, the Dewar-Chatt-Duncanson model for TM-olefin complexes '?% is

invoked to rationalize the stability of these o-type complexes, called Kubas-type

37



interaction. Similar to the Dewar-Chatt-Duncanson model with a three-center two-
electron (3c-2e) bond (type I shown in Figure 2-17), the Kubas-type interaction
involves ¢ donation from the filled 6-bonding orbital of H2 molecule to an unfilled d
orbital of a TM. Meanwhile, © back-donation (BD) occurs from a filled d orbital of a
TM to the empty o* anti-bonding orbital of the H2 molecule, which determines the

stability of molecularly chemisorbed H2 (type II shown in Figure 2-17).

Figure 2-17. Schematic diagram showing three orbital interactions between the central

[127]

element and ligand" ). Type I: TM-olefin complexes. Type II: Kubas-type Ha

complexes.

The non-dissociative molecular chemisorption has ever been mentioned in metal-based
hydrogen storage materials. It is known that hydrogen sorption process upon metal
atoms includes: physisorption, dissociation, hydrogen atom diffusion, hydride
nucleation and growth. Note that the physiosorbed H2> will enter a molecular
chemisorption state after crossing an activation barrier. The molecular chemisorption
is generally considered as a transition state before the dissociation of hydrogen. A.-S.

1281 observed the molecular Ha chemisorbed

Martensson, C. Nyberg, and S. Andersson
at the edge sites of a stepped Ni (100) surface that is covered with a dense layer of
atomic hydrogen by use of low-energy electron diffraction (LEED) and EELS in
conjunction. In contrast, no such state is observed on the flat Ni (100) surface. The
authors ascribed the molecular chemisorption to Kubas-type interaction. They

suggested that nickel atoms with lower coordination at the stepped surface possess

residual unfilled d states which could stabilize the chemisorbed H2, while the
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dissociative channel is blocked by the saturated atomic adsorbate layer. The results
illustrated that it is the low-coordinated metal atoms possess the capacity of molecular

chemisorption.

Recently, Julian Berwanger et al.'®®! reported the direct observation of chemical
binding forces on single Fe atoms to study the chemical reactivity of atom-assembled
Fe clusters from 1 to 15 atoms on the atomic scale. This measurement can be achieved
via the scanning probe microscopy with CO-terminated tips which can transition from
the physisorption to the chemisorption regime and forms a weak chemical bond with
the individual atoms. It is found that the chemisorption strength increases inversely with
the atom’s reduced coordination number. The results imply that the regulation of atomic

coordination number can enhance the interaction force between H2 and adsorbent atoms.

Based on the self-consistent-field molecular-orbital theory, Niu and co-workers!*%!

reported that the hydrogen behaves differently while approaching to a neutral metal
atom (Ni) and a metal ion (Ni"). For a neutral metal atom, similar to the metal atoms
on surfaces and in the bulk, it will transfer an electron to the approaching H> molecule
to fill the antibonding orbital. This will lead to the bond cleavage of H-H favouring the
atomic bonding between individual H atom and metal atom. In contrast, the ability of
electron donation to a H2 molecule becomes energetically inefficient for a transition
metal ion due to the higher second ionization potential of the metal atom. Instead, a
strong polarization effect will occur between the ion and H> molecule, which will

enable several H2 molecules chemisorbed in its molecular form onto a metal ion.
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Figure 2-18. Hydrogen storage performance (via molecular chemisorption). (a)
Schematic representation of the grafting of benzyl Ti species onto the surface of
mesoporous silica. Reprinted with permission from!'*!l. (b) Hydrogen adsorption
isotherms at 77 K for mesoporous silica treated with various molar equivalents of
tribenzyl titanium. Reprinted with permission from!'*!, (¢) Possible mechanism for the
reaction between V(Mes)s -“THF and N2Ha. Reprinted with permission from!!*2, (d)
Hydrogen adsorption-desorption isotherms of vanadium hydrazide samples. Reprinted

with permission from!'32),

The above analysis indicates that the low-coordinated metal atoms possess the capacity
of molecular chemisorption. Previous experimental explorations further confirmed the
role of the unique material structure on molecular chemisorption for hydrogen storage.
Strategies of material synthesis include grafting TM atoms to surfaces of porous
materials (e.g., mesoporous silica)l'*! 133) and bridging the TM atoms with light weight
ligands (e.g., hydrazine) to the microporous materialst!32 134135 1n 2008, Antonelli and
co-workers reported an organometallic Ti fragment as the Ha storage materiall'*!l. The
low-coordinated Ti (III) atoms were grafted onto mesoporous silica using tri- and

tetrabenzyl Ti precursors. The detailed experimental process is shown in Figure 2-18a.
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It can be observed that the low valent Ti atoms are three coordinates with two O atoms
and one C atom, which can act as the adsorption sites. The hydrogen storage properties
in Figure 2-18b show that the highest gravimetric storage value of 2.02 wt% recorded
under the condition of 60 atm and 77 K is the sample with a Ti/Si molar ratio of 0.2
(0.20 Ti/HMS), while only 1.21 wt% hydrogen can be stored by silica precursor under
the same conditions. By calculations, an average of 2.7 H2 molecules are adsorbed onto
each Ti atom in 0.20 Ti/HMS. It is notable that hydrogen adsorption isotherms of Ti-
grafted samples do not saturate under the condition of 60 atm and 77 K. Increasing the
pressure can further increase the numbers of H2 molecules being adsorbed, according
to the Le Chatelier’s principle. Moreover, the binding enthalpy for Ti (III) grafted
sample, by Clausius-Clapyron equation, is determined to be 22.04 kJ/mol as compared
to 3.5kJ/mol for the pristine silica materials. On the one hand, the dramatically
enhanced enthalpy reflects the molecular chemisorption mechanism differing from
typical physical adsorption characteristic. On the other hand, the large enthalpy
guarantees around 1.1 hydrogen molecules are molecularly chemisorbed onto each Ti

atom under the room temperature.

In addition to grafting techniques, vanadium hydrazide gels with isolated and
coordination-unsaturated V(III) species are also fabricated using trismesitylvanadium
(IIT) as a precursor and hydrazine as a linker!'*?!. The possible reaction mechanism is
given in Figure 2-18c. The vanadium atom is tri-coordinated with N atoms in vanadium
hydrazide gels, though some residual tetrahydrofuran (THF) molecules bound to V
atoms. The hydrogen adsorption isotherms (Figure 2-18d) present a linear hydrogen
adsorption behavior, reflecting a non-dissociative hydrogen chemisorption, and up to
4.04 wt% of hydrogen are stored for sample C150 under 77 K and 85 bar. Even under
room temperature, 49 % of their adsorption can be retained as opposed to 77 K, owing

to its greatly enhanced adsorption enthalpies from 3 to 36.5 kJ/mol.

Apparently, developing hydrogen storage in form of molecular chemisorption will
construct a new conceptual paradigm in solid-state hydrogen storage fields. The core

of rationalizing materials being capable of molecular chemisorption is to fabricate low
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coordinated metal atoms with unique coordination configuration. AMS nanomaterials
naturally feature the low coordination number and tunable coordination environment,
as the promising hydrogen storage candidate via molecular chemisorption fashion.
Currently, it remains a big challenge for present fabrication processes. In addition, the
underlying adsorption mechanisms via the molecular chemisorption need to be clarified,
thus favouring the correlation between structure of adsorption sites with hydrogen

adsorption performance.

2.4 Conclusions

In this chapter, recent progresses of hydrogen production and storage materials are
summarized, including the mechanism of hydrogen production and storage, the
development of materials for hydrogen production and storage. Meanwhile, the
remaining issues and challenges to hydrogen production and storage materials are also
highlighted. For the HER materials, extensive work has been done on developing
various catalyst materials, including noble metal catalysts, non-noble metal catalysts
and even metal-free catalysts. However, noble metals are still the mainstream for HER
at present. The high cost of the noble metals impedes their commercial application. As
to the hydrogen storage, various materials were developed to store hydrogen via
chemisorption or physisorption method. In addition, strategies were reported to modify
the thermodynamics and kinetics to meet the DOE's targets set for hydrogen storage
materials. However, up to now, the development of hydrogen storage materials which

could satisfy the DOE’s standard is a much more challenging issue.

To realize the commercialization of hydrogen energy, hydrogen should be produced in
affordable way, which is still a big issue to be solved. AMS nanomaterials feature the
maximization of the metal utilization (up to 100%), the well-defined active centers and
unique electronic structures, which stand out as the promising candidate to be used as
hydrogen production materials. However, the preparation of isolated metal atoms often
suffers from particle agglomeration due to the extremely high surface energies.

Therefore, exploiting affordable, scalable and highly efficient AMS nanomaterials is
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still a grand challenge. The precise characterization of the local active center and the

origin of the structure-property correlation need to be figured out as well.

The current hydrogen storage materials still suffer from poor thermodynamics and/or
sluggish kinetics. Herein, we propose a hydrogen storage method via the molecular
chemisorption approach, which is different from the conventional physisorption or
chemisorption. Afterward, we discussed the great potential of AMS nanomaterials to
be used as hydrogen storage materials via molecular chemisorption. Obviously,
rationally designing AMS nanomaterials being capable of molecular chemisorption is
extremely important. The underlying adsorption mechanisms via the molecular
chemisorption need to be uncovered for better design and fabrication of efficient

hydrogen storage materials for practical applications.
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3.1 Materials

Commercial molybdenum disulfide (MoS2, 99.5%, <2 um) was bought from Aladdin,
aluminum oxide was purchased from Aladdin, ruthenium trichloride (RuClz*xH20) was
brought from Sigma. Cobalt(IT) oxide (CoO, <2 pum, 99.99%, Aladdin) was purchased
from Macklin. Titanium oxide nano powders was bought from Aladdin. All the

chemicals were used without further purifications or any other treatment.

3.2 Synthesis of Samples

Preparation of defective MoS2: 1.5g of commercial molybdenum disulfide (C-MoS2)
and 0.5 g of aluminum oxide (Al203, 6~7 um) were mixed in a stainless vial, and the
ball-to-powder ratio was set to 50:1. Then, the high-energy mechanochemical milling
(HEMM) was conducted to the mixed powder under Ar atmosphere with a vibration
type ball mill at the constant rotation speed of 450 rpm. The ALLO3@MoS2 complex
was obtained by HEMM for 10 h. After HEMM, the complex was dispersed into 2M
HCI1 solution and stirred over 12 h to remove the Al>Os. Then, the defective MoS2 was

collected by centrifugation and washing, and then was dried in an oven at 80 °C over

12 h.

Preparation of isolated Ru atoms doped defective MoSz: typically, 200 mg of defective
MoS: was dispersed in deionized water by ultrasonication for 10 min. Then, 2 mL of
RuCls solution (5.0 mM) was added to the above dispersion and stirred for 2 h.
Afterward, the solution was dried at 80 °C and then further annealed under hydrogen
atmosphere at 200 °C for 2 h. To prepare the catalysts with different Ru loading amount,
different amounts (0.5, 1.0 and 4 mL) of RuCl3 solution can be added. For comparison,
commercial MoS2 supported Ru particle (Ru@C-MoS2) was also prepared using

commercial MoS: as the support and RuCls solution as the Ru precursor.

Synthesis of Co,0@MoS:: In a typical process, 1 g of bulk MoS2 and CoO mixtures
were put into a stainless ball milling jar containing stainless steel balls. The mass ratio

(ball-to-powder) was set to 60:1 at the start. The mechanochemical reaction was then
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undertaken under Ar atmosphere at 450 rpm for 12 h using a type of planetary ball mill
(QM-3SP4, Nanjing, China) at room temperature. After ball milling, the as obtained
homogeneous mixtures were dispersed in HCI (2 M) solution for 24 h to remove the
CoO. After filtration and rinse by water and ethanol several times, the obtained product
was further dried at 80 °C overnight. The final products were collected and marked as

Co@MoS2-x (x=0.1, 0.2 0.4), here x means the mass of CoO in MoS2/CoO mixture.

Synthesis of milled MoS2 (M-MoS2): the preparation process is similar to that of
Co@MoS2, but without the addition of CoO.

Synthesis of Ni,O@MoS:2 and Fe,O@MoSz2: the HMBM process is similar to the
synthesis of Co,0@MoS:. In brief, 0.4 g of NiO and Fe203 were ball milled with 0.6 g
MoSa, respectively. Then the ball-milled products were treated with HCI (2M) solution.
After following filtering and drying, the final Ni,O@MoS:2 and Fe,O@MoS:2 were
obtained.

Synthesis of defective TiO2: to prepare TiO2-x (x=200, 300, and 400) samples, the TiO2
nano powders was annealed under hydrogen atmosphere at various temperature (200,
300, and 400 °C). After annealing , the samples are collected and stored in the glove

box filled with Argon.

Preparation of Tii@C-x: 0.5 g of Titanyl phthalocyanine (TiOPc) and carbon black (CB)
mixtures were loaded into a stainless jars containing stainless steel balls. Here, x
represents the loading amount of TiOPc. The synthesis of Tii@C-x was conducted via
a simple mechanical ball milling in Ar for 10 h using a QM-3SP4 planetary ball miller.
The mill was operated at 250 rpm by repeating milling (for 30 min) and cooling (for 30

min). After ball milling, the samples were collected and stored in an Ar-filled glovebox.

3.3 Characterization

X-Ray Powder Diffraction
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X-Ray Powder Diffraction (XRD) is used for phase identification analysis and
determining crystal structure of crystalline materials. Here, the XRD data was collected
on a powder diffractometer (XRD, PANalytical X’PERT) using Cu Ka radiation (4 =
1.5406 A).

Scanning Electron Microscopy

Surface morphologies of the prepared samples are analyzed by field emission scanning
electron microscopy (FE-SEM, TESCAN GAIA3) equipped with energy dispersive X-

ray spectroscopy.
Transmission Electron Microscopy

Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) were
conducted using a JEM-2100F (JEOL Co., Japan) microscope.

Brunauer-Emmett-Teller (BET) Surface Area

The nitrogen adsorption/desorption isotherms were measured with a Quadrachrome

adsorption instrument.
X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed on (ESCALAB 250 Xi) with
an ESCALAB 250Xi spectrometer (Thermo Fisher Scientific) using an Al Ka (1486.6

eV) excitation source and fitted with CasaXPS software.
Raman Spectroscopy

Raman spectra of the samples were recorded using a Thermo Fisher Micro DXR

microscope excited by a He-Ne laser (532 nm) at a resolution of 2 cm™.
Inductively Coupled Plasma Atomic Emission Spectrometry

The content of gold and ruthenium was determined by inductively coupled plasma

atomic emission spectrometry (ICP-AES).

UV-Vis Spectroscopy
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The UV—Vis absorption spectra were recorded with a UV—vis spectrophotometer (U-

3310) equipped with a diffuse-reflectance attachment.
High-Angle Annular Dark Field -Scanning Transmission Electron Microscopy

Aberration-corrected HAADF-STEM measurements were taken on a JEM-ARM200F
instrument at 200 keV. Meanwhile, energy-dispersive X-ray elemental mapping was

also collected on the same equipment.
X-Ray Absorption Spectra

X-ray absorption spectra (XAS) were obtained at the National Synchrotron Radiation
Research Center (NSRRC), Hsinchu, Taiwan, ROC, and the hard X-ray absorption data
for the Mo, Ru K-edge and Ti K T were collected at beamline BL17C.

3.4 Electrochemical Performance Evaluation

The catalyst ink was fabricated by sonicating the active catalyst in 1 mL of 1:1 v/v
water/ethanol with 50 pL 5 wt% Nafion solution for more than 1 h to form a
homogeneous ink. Then, 4 uL of the catalyst ink was drop-cast onto a freshly polished
glassy carbon electrode of 5 mm in diameter. All the electrochemical performance tests
were evaluated in a three-electrode system on an electrochemical workstation
(CHI660E). A glassy carbon electrode was used as the working electrode, a Hg/HgO
electrode (IM KOH) as the reference electrode, and a graphite rod as the counter
electrode. Linear sweep voltammetry tests with a scan rate of 5 mVs™! were conducted
in 1.0 M KOH. Before test, the catalyst was repeatedly CV cycling in the electrolyte
until steady voltammogram curve was obtained. Electrochemical impedance
spectroscopy (EIS) was performed with a frequency from 0.01 to 100k Hz and
amplitude of 5 mV. Electrochemical active surface areas (ECSA) were obtained by

measuring electrochemical double layer capacitance (Cdl) of catalysts.

To evaluate catalytic stability, the prepared ink was dropped onto fresh carbon cloth and
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then assessed by measuring the current density versus the time curve of the catalyst at

constant voltages in the alkaline condition.

3.5 Hydrogen Storage Performance Test

The hydrogen adsorption performance tests were conducted by ASAP 2020
Micromeritics sorption analyzer under 77 K using 99.9999% purity hydrogen. Before
test, the samples were degassed at 180 °C for 6 h under continuously vacuum. The
hydrogen storage properties under high pressure were determined by using a homemade

HPSA-auto apparatus

3.6 DFT Calculations

Hydrogen evolution reaction

All density functional theory (DFT) calculations of a series of 4 x 4 supercells
monolayer MoS: were implemented using the Vienna ab initio simulation package
(VASP), where the projector-augmented wave (PAW) method was adopted within the
Perdew-Burke-Ernzerhot generalized gradient approximation (GGA) for the exchange-

(1.21 A plane-wave kinetic energy cutoff energy of 400 eV and a

correlation functional
k-points mesh with 4x4x1 was applied. For all structures, the spin polarized
calculations were considered. In addition, the structure optimization was fully
conducted until the energy difference tolerance and the total force were less than 1 x10-

6 eV atom-1 and 0.01 eV A-1, respectively. A vacuum layer of 12 A along the z

direction was introduced to prevent interactions between adjacent sheets.

Calculation of formation energies
The formation energies of S vacancy (Esv) were calculated by the following formula >

4] .

62



Es = EMoSZ—S — Es — EMos2 (3-1)
where Ey,s, is the total energy for MoS2 with S vacancy, Ey,s, is the energy for

optimal monolayer MoS2, and Es is the energy of one S atom.

The Formation energies of Ru-doped MoS: configurations (Ef) were calculated by the
following formula 1 41:

Es = EMOSZ—S — Eg — EMoSZ (3-2)
where Erotal is the total energy for MoS2 with doped Ru metal atoms. In the cases of the
metal supported on MoSz, Ey,s, is the energy for perfect MoSa, while for the cases of
Ru-doped MoS2, Ejy,ys, is the energy for MoS2 with one Mo or S vacancy. Eru is the

energy of one metal atom in its bulk phase.

At 298 K and 1 atm, Gibbs free energy AG of the adsorption species was calculated
according to > ;

AG = AE + AZPE — TAS (3-3)

where AE is the adsorption energy of adsorbed species on the monolayer MoS2, AZPE
and TAS are the zero-point energy and entropy difference of species in the adsorbed
state and the gas phase, respectively. For the key process of water dissociation on MoS2,
the value of (AZPE — TAS) is ca. 0.47 eV. For the hydrogen generation process, the
value of (AZPE — TAS) is ca. 0.22 eV.

Hydrogen Storage

All DFT calculations were carried out using Vienna ab-initio simulation package
(VASP) [2 78] The generalized gradient approximation (GGA) of the Perdew-Burke-
Ernzerhof (PBE) type® '© and the projector augmented wave (PAW) [''l method were
applied for the exchange-correlation potential and the electron-core interaction
respectively. The plane-wave energy cutoff was set to 400 eV and only the Gamma
point was included in our calculations. The structure of our model was relaxed until the

residual force per atom was less than 0.03 eV/A and the convergence criteria of energy
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was set to 10 eV to achieve accurate adsorption energy. Grimme method!'?l was

applied to include the van der Waals (vdW) interactions. The anatase surface was

constructed by using a slab model with 4 TiOz layers (144 atoms) along z-direction.

The thickness of vacuum space was larger than 15 A to eliminate influence of period

images.
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Chapter 4. Facile and Scalable Mechanochemical
Synthesis of Defective MoS; with Single Atoms
toward Highly Efficient Hydrogen Evolution
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4.1 Introduction

Electrocatalytic water splitting is considered as a sustainable and environmental process
for hydrogen generation, while the electrocatalytic efficiency largely relies on the
catalytic activity of electrocatalysts [!*. Recently, constructing active sites via defect
engineering has emerged as a new perspective and it has been demonstrated to be an
effective strategy to enhance the hydrogen evolution performance by several groups [*-
7l. The introduction of defects can effectively tune the electrocatalytic performance of
catalysts by regulating their electronic structures, and thus improving the catalytic
activity!®'!l. For instance, Yao et al. reported a defective graphene (DG) via N doping
and removal for electrochemical hydrogen evolution reaction (HER), which exhibits
significantly improved HER activities as compared to both the pristine graphene and
N-doped graphene. Further HAADF-STEM images and DFT calculations reveal that
7557 defects are the major active sites for the HER!?l. Similarly, transition-metal
dichalcogenides (e.g., MoS2) have also been found to increase the intrinsic hydrogen
evolution activity through defect-induced asymmetric electronic structure
distribution!3-'], Different methods such as plasma engraving!'®l, Ha annealing!!”,
chemical etching!'¥, electrochemical desulfurization!'®! and laser irradiation!'), have
been successfully developed with the aim of generating defects, or alternatively,
bottom-up approaches were followed to directly synthesized MoS2 nanostructures with
abundant defects?* 2!, However, the execution of above-mentioned defect preparation
methods is not only complicated and/or time-consuming, but also expensive and in high
demand of apparatus'™]. In addition, none of these methods can satisfy the demands for
large-scale commercial preparation. Therefore, it is particularly imperative to explore a
facile and applicable strategy for the scalable fabrication of HER catalysts with well-

defined structures.

Currently, high-energy mechanochemical ball milling (HMBM) is gaining increasingly
research attention in catalyst preparation because of its eco-friendly, scalable, and

reproducible nature?’*), HMBM is a mechanical process that enables the purposeful
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execution of physical and chemical transformations in powder materials/?’!. Typically,
under the shear force and impact force, the HMBM process involves constant
deformation, fracturing and cold welding of materials during repeated collisions with a
ball, which is not only widely used in the materials fabrication, but also used in the
modification of materials, such as exfoliation, refinement and even the creation of
defects!?® 271, For example, Kim et al. reported the synthesis of single atoms catalysts
via the ball milling strategy'?®!. By ball milling Pt precursors (K2PtCls) with nitrogen-
doped carbon supports, the Pt single atom catalyst is directly obtained with a loading
amount of 1.92 wt%, exhibiting 17-fold enhancement in mass activity as compared to
the commercial 20 wt% Pt/C for the electrochemical hydrogen evolution. In addition,
the HMBM is extensively used for the preparation of few-layer 2D materials, like
graphene, BN, and C3N4 %3], Besides the synthesis and modification of materials, the
merits of easy operation, short fabrication time, mild operation conditions (room
temperature and atmospheric pressure) and low-cost, naturally endow HMBM with

great potential for commercial applications.

Herein, the high-energy mechanochemical ball milling strategy is adopted for the mass
preparation of defective molybdenum disulfide (MoS2). Meanwhile, atomically
dispersed Ru atoms are also introduced to further modify the defective MoS2 (Rui/D-
MoS2). The XANES results reveal that the atomic Ru doping could generate S
vacancies, which can break the symmetry of electronic density around the Ru atoms,
leading to the redistribution of local charge. This unique asymmetric structure of center
Ru atoms in the Rui/D-MoS: catalyst could remarkably enhance its catalytic activity in
an alkaline electrolyte, greatly exceeding the nanoparticle counterparts, demonstrating
its extremely high industrial potential. Further DFT calculations indicate that the
asymmetrical electronic distribution of Rui/D-MoS: can effectively optimize the
adsorption energy of intermediates to accelerate water dissociation and increase the
electron transport along the Rui@D-MoS:2 sheet, and therefore resulting in the

remarkably improved HER catalytic activity.
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4.2 Results and discussion

a|Bulk MoS, A1,0,

P | RuCl,
V4 +’J
"2 e | ’,
1
______ 1 Annealing
Shear force |
Ball milling & impact force (HC1 washing) Rui@D-MoS, |

d

@
=

Ru,@D-MoS, »
& 50| ——D-Mos,

Intensity (a.u.)
S

Intensity (a.u.)
Volume absorbed (colg STI
@
s

E

red-shift  /
Ru,@D-MoS,

0 40 50 60 70 350 375 400 425 450 0.0 02 0.4 0.6 08
20) {degree) Raman shift (em™) Relative pressure (p/p)

10 2 3 10

Figure 4-1. Preparation and morphology characterization of Rui@D-MoSz. (a)
Schematic illustration for the synthetic process of Rui@D-MoSz. (b) HRTEM image of
commercial MoSz. (c) HRTEM image of D-MoS:. (d and e) TEM (d) and HRTEM (e)
image of Rui@D-MoSz. (f) EDS mapping of Rui@D-MoS:z. (g) XRD patterns of C-
MoS2, D-MoS:2 and Rui@D-MoS:. (h) Representative Raman spectra for C-MoSz, D-
MoS: and Rui@D-MoS2, respectively. (i) The Brunauer—Emmett—Teller (BET)

measurements for C-MoSz2, D-MoS: and Rui@D-MoSz, respectively.

The schematic illustration of the preparation of Ru doped defective MoS2 (Rui@D-
MoS:2) is shown in Figure 4-1a. Here, different from the reported defect preparation
methods, such as plasma engraving!'®), H> annealing!!”!, and chemical etching!'*,
HMBM strategy is applied to exclude chalcogen atoms for the mass preparation of
defective MoSz. To effectively downsize the particle size and create defects in the bulk

MoS:z, we introduce the rigid Al2Os as an efficient pulverization during HMBM. The
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introduction of Al2Os3 friction can exert a friction force to enhance the shear effect,
which can easily break the weak interplanar van der Waals interactions and strengthen
the relative motion between the MoS: layers, thus facilitating the exfoliation of bulk
MoS:. Simultaneously, the impact force generated by milling balls can enable the
insertion of Al2O3 into MoS2, which can effectively fracture the bulk MoS:z and create
abundant defects. Specifically, 1.5 g of commercial MoS: (~2 um) was ball milled with
rigid Al2Os. After the ball milling, the mixture was dispersed into 2M HCI solution to
remove the Al2Os. Then the defective MoS:2 was obtained after drying for 12 h in an
oven. To obtain atomic Ru doped defective MoS2, 2 mL of RuCls (5.0 mM) solution
was dropped into the prepared D-MoS:2 solution. After stirring for 6 h, the solution was
dried via heating at 80 °C. Afterward, the atomic catalyst Ru@D-MoS2-2 mL (named
as Rui@D-MoS:2) was obtained via annealing the sample at 200 °C under hydrogen

atmospheres.

The as-obtained catalysts were firstly characterized by TEM analysis. After HMBM,
the high-resolution TEM (HRTEM) image of D-MoS: in Figure 4-1c shows that the
layer spacing is 0.65 nm, which is larger than that of the C-MoS2 (0.62 nm) shown in
Figure 4-1b, indicating the exfoliation of MoS2 during HEBM process. TEM and the
corresponding EDS elemental-mapping analyses were also performed on the Rui@D-
MoS: (Figure 4-1d-f). As shown in Figure 4-1d and e, no Ru particle or clusters can be
observed. In addition, the EDS elemental mapping reveals the homogeneous
distribution of Mo, S and Ru atoms over the entire nanosheet (Figure 4-1f). The X-ray
diffraction (XRD), Brunauer—-Emmett-Teller (BET) area and Raman spectra are also
applied to identify the structural changes, as shown in Figure 4-1 g-i. Obviously, the
XRD intensity of the D-MoS: is significantly lower than that of the C-MoSz, indicating
the remarkably decreased particle size after HMBM. After loading Ru atoms, no Ru-
containing crystal peaks can be detected, which is consistent with the TEM results
(Figure 4-1d-f), suggesting the monodispersing of Ru atoms. Moreover, the Brunauer—

Emmett-Teller (BET) analysis obtained from the N2 adsorption/desorption is also
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applied to reflect the specific surface area (Figure 4-11). The BET specific surface area
of D-MoS: was measured to be 33.3 m? g'!, which is much larger than that of C-MoS>
(14.9 m? g'!), implying the much decreased particle size, which is in line with the XRD
results. With the loading of Ru atoms, the specific surface area is slighted decreased
(27.6 m* g'!), but still larger than that of C-MoS2. Meanwhile, the Raman spectra of C-
MoS2, D-MoS2 and Rui@D-MoS: in Figure 4-1h show two distinct peaks at

I, corresponding to the in-plane E'2¢ and out-of-plane

approximately 380 and 405 cm™
A vibration modes of 2H-MoS: [1% 341, The clearly observed red shift of E'2¢ peak and
Aug peak is ascribe to the resulted defects in the D-MoS2!'4l. Incorporating atomic Ru
species lead to further red shift of the characteristic Raman spectra for Rui@D-MoS2,

which can be attributed to the generated S-vacancy defects*>-37),

To directly observe that Ru atoms, high-angle annular dark field-scanning transmission
electron microscopy (HAADF-STEM) with sub-angstrom resolution was performed.
Figure 4-2a clearly verifies the filling of single Ru atoms (brighter white dots)
uniformly dispersed in the MoS: plane. It can be observed that the majority of Ru atoms
occupy positions of the Mo atoms, and a few Ru atoms occupy the S positions. The
occupation of Ru single atoms was further verified by the intensity profile (Figure 4-
2b) along the line 1 and 2 in Figure 4-2al*®). Figure 4-2¢ presents the corresponding
schematic diagram of Ru occupation. Additionally, X-ray photoelectron spectroscopy
(XPS) was applied to study the changes in elemental chemical states. In the high-
resolution Mo 3d XPS spectrum (Figure 4-2d), the Mo 3d double peaks at 232.4 and
229.3 eV are assigned to the Mo IV 3d 5/2 and Mo 1V 3d 3/2 in C-MoS:z, whereas the
signal at 226.5 eV is attributed to the S 2s electrons!'¥. The S 2p spectrum (Figure S4-
1) also shows a doublet positioned at 162.1 eV and 163.3 eV, respectively, revealing the
—2 oxidation state of S in the C-MoSz. By comparison, the Mo 3d and S 2p peaks of D-
MoS: present the negative shift (Figure 4-2d and Figure S4-1). The results indicate that
the generated defects altered the electronic structures of Mo and S, and the electron

density around the Mo and S increases!!'). Incorporating Ru species will cause peaks of
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Mo 3d and S 2p in Rui@D-MoS: shifting to lower binding energies (Figure 4-2d, S4-
1), showing the generation of S vacancies (SVs). The trend is also observed for samples
Ru@D-MoS2-x (x=0.5, 1, 4), shown in Figure S4-2 and S4-3. Besides, the Ru 3d3/2
peak in Figure S4-4 confirms the presence of Ru species in the structure of Rui@D-
MoS: and is positively charged. The results further confirm that Ru atoms are

successfully doped into MoS: lattice, transferring electrons to surround Mo and S atoms.

The atomic coordination structure of the prepared catalysts was analyzed by XANES
spectroscopy, and extended X-ray absorption fine structure (EXAFS) spectroscopy.
Figure 4-2¢ displays the Mo K-edge XANES spectra for Mo foil, C-MoS2, D-MoSz,
and Rui@D-MoS:. The results indicate that Mo species in Rui@D-MoS:2 were in a
lower oxidation state than those in C-MoS2, and D-MoSz2, according to the lower energy
for absorption edge and weaker intensity for white line. The results are also consistent
with the XPS results. As shown in Figure 4-2f, the Mo K-edge FT-EXAFS shows two
peaks at ~1.98 A and ~2.68 A, respectively, which are assigned to Mo—S and Mo—-Mo
scattering features. Notably, the FT-EXAFS spectrum for Rui@D-MoS: exhibits much
weaker Mo—S peak intensity as compared to C-MoS2 and D-MoS., attributed to the
decrease of coordination number by the generation of abundant SVs and the interactions
between Ru species and MoS2 % #01. The Ru K-edge XANES spectra for Ru powder
and Rui@D-MoS: are present in Figure 4-2g. Obviously, the absorption intensity of the
Ru K-edge in Rui@D-MoS: is evidently higher than Ru powder, reflecting that the Ru
atoms have more positive charge, in good agreement with the XPS results. By
transferring electrons from Ru species into the MoS: substrates, Mo species are reduced
and accompanied with the formation of S vacancies*> *!!. The corresponding FT-
EXAFS spectrum for Rui@D-MoS2 shows a prominent peak at ~1.63 A, which is
attributed to the Ru-S scattering feature, demonstrating the monodispersing Ru atoms
in Rui@D-MoS:2 (Figure 4-2h). The emergence of Ru—Mo scattering feature is
consistent with substitutional doping of Ru into the Mo location. Further FT-EXAFS

fitting analysis (Figure 4-21, Figure S4-5, Table S4-1) identifies that the isolated Ru
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atoms coordinate with five S atoms, while one S atom is lost thus forming the SVs.

1
" a.a.a 44.,_';,5‘.\_“
_ I es, @ }.4.4.|
3 Mo Mo Ru Mo Mo I @ o o |
o T T T u dopin,
00 03 0.6 0.9 12 15 | T g ° . o
1K I ®_0 I
E 12 }_’;’;w..a e, ol
s Ru s : 99 .0 0 >.4.“.:
0.0 0.3 06 09 e, LN
Distance (nm) e - - - - l
Mo K-edge Mo-Mo C-Mos,
3 |——C-Mos, | D-MoS,
& |——D-Mos, ) Mo- Ru,@D-MosS,
= 2 |—Ru,@d-Mos, {7 = Svs | Mo foil
= @ 2 o
] £ |=— Mo foil el I
3] 2 o P Mo-M
= £ = 7 (W
] - £ il
s A 5 1
= s = A
£ = -
Ru,@D-MoS, 2 =
19996 19998 20000
236 234 232 230 228 226 224 19960 20000 20040 20080 o 1 2 3 a4 5 &
g Binding Energy (V) |"| Energy (eV) . Radial distance (A)
8
~ |Ru K-edge s Ru-Ruf? Ru,@D-MoS, I Ru,@D-MoS,
3 E . Ru powder E fitting
8 5 £
: —E £ 0000
E Ru powder = ] . )
] a3 H { )
= 5 i i a Owo
= g pus P
ks b 3 E 20 OZ
B E El .
g ; £ AN £, eeee
] . w Ru\Mo? g
2 - £ Ru Mul. =
- &
z B 22110 2211? 22122 . & °
22100 22150 22250 0 6 0 1 2 3 4 5 6

22200
Energy (eV)

2 3 4
Radial distance (1)

Radial distance {A)

Figure 4-2. Characterization of atomically dispersed Rui@D-MoS: catalysts. (a)

Aberration-corrected atomic resolution HAADF-STEM image of Rui@D-MoS:. (b)

Intensity profile along the line 1 and 2 in Fig. la. (c) The schematic diagram of Ru

occupation corresponding to line 1 and 2. (d) High-resolution X-ray photoelectron

spectroscopy of Mo 3d of C-MoS2, D-MoS:2 and Rui@D-MoS2, (¢) Normalized XAFS

spectra of the Mo K-edge for the C-MoS2, D-MoS: and Rui@D-MoS: samples. (f)

Corresponding FT-EXAFS spectra from (e). (g) Normalized NEXAFS spectra of the

Ru K-edge for the C-MoS2, D-MoS: and Rui@D-MoS: samples. (h) Corresponding

FT-EXAFS spectra from (g). (i) The fitting of k3-weighted Fourier transforms EXAFS

spectra of the Ru K-edge for Rui@D-MoS:. Inset is the model of Rui@D-MoSz. The

dashed circle represents the S vacancy.
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To study the influence of vacancy and single Ru filling on the HER, the electrocatalytic
performance of as-prepared catalysts were evaluated systematically by a series of
electrochemical tests. The linear sweep voltammetry (LSV) in a 1 M KOH electrolyte,
was carried out in a typical three-electrode setup. As shown in Figure 4-3a, the bulk C-
MoS: shows a poor HER activity, with an overpotential of 364 mV at the current density
of 10 mA cm 2, in good agreement with the reported results!!® 4!, Mechanically induced
defective MoS2 via HMBM (D-MoS2) can effectively enhance the HER activity,
reducing the overpotential of about 100 mV relative to C-MoS:z at the current density
of 10 mA c¢cm™, due to the increased edges and defects. Monodispersed Ru atoms
decorated D-MoS: (Rui@D-MoS2) possesses the best hydrogen evolution performance,
showing an overpotential of 107 mV at 10 mA cm™. The HER performance of C-MoS:
with the loading of Ru (donated as Ru@C-MoS>) is also studied for comparison. The
TEM images (Figure S4-11) confirmed the formation of Ru particles. Obviously, the
Ru@C-MoS: showed a higher HER activity as compared to C-MoS2 but is still inferior
to Rui@MoS:z. These results suggest that single Ru atoms coupled with defective MoS:
can maximize the alkaline HER activity. In addition, the Rui@D-MoS: exhibits a
smaller Tafel slope of 96 mV dec™' than that of the Ru@C-MoS:2 (136 mV dec™),
suggesting a faster hydrogen evolution dynamics (Figure 4-3b). The electrochemically
effective surface areas (ECSA) normalized LSV curves were performed as well to
highlight the intrinsic activity (Figure 4-3c, Figure S4-7 and S4-8,). As exhibited in
Figure 4-3d and c, the Rui@MoS:2 shows the lowest overpotential as compared to C-
MoS2, D-MoS2, Rui@D-MoS2, and Ru@C-MoS: at the given ECSA-normalized
current density, reflecting the high intrinsic activity of Rui@MoSz. Furthermore, the
electrochemical impedance spectroscopy (EIS) tests are also conducted to evaluate the
electrode kinetics during the HER process. Figure S4-6 shows the corresponding
Nyquist plots of these electrodes. As can be seen, the Rui@MoS: possesses the lowest
charge transfer resistance. The improvement of electrical conductivity mainly

originates from the optimized electronic structure with Ru doping.
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Figured4-3. Catalytic HER performances. (a) Linear sweep voltammetry (LSV) curves
(scanrate: SmV s ') of C-MoS2, D-MoS2, Rui@D-MoS2, and Ru@C-MoS: as catalysts
toward HER in 1.0 M KOH. (b) Tafel plots derived from the LSV curves for HER. (c)
ECSA-normalized polarization curves of C-MoS2, D-MoS2, Rui@D-MoS:, and
Ru@C-MoS2. (d) Overpotential at ECSA-normalized current density of 0.04mA cm™
for Rui@D-MoS:2 in comparison with those of C-MoS2, D-MoS2, Rui@D-MoS2, and
Ru@C-MoS:. (e) Comparison of the nio values between Rui@D-MoS: and other
hydrogen evolution electrocatalysts. (f) HER polarization curves of Rui@MoS: coated

on carbon cloth. (g) Stability test of Rui@MoS: at 500 mA cm™.

The electrochemical performance of D-MoS: with different loading amount of Ru is
also investigated systematically. The corresponding Ru contents are determined using
ICP-AES (Table S4-2). As shown in Figure S4-9, through the regulation of the loading

amount of Ru, the HER performance shows an enhancement tendency with the increase
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of Ru content. The Rui@D-MoS: with the Ru loading amount of 1.41 wt% presents the
highest HER activity, while further increasing the content of Ru will lead to the decay
of HER activity due to the formation of Ru clusters (Figure S4-10). The results indicate
that the atomic Ru is much superior to metallic bulk Ru in improving the HER activity
of MoS:z support. It should be noted that the created S vacancy is essential for the single
Ru trapping. Even the same RuCls solution dosage is used, much more Ru species can
be trapped on defective MoS2, while large Ru particles are formed on the C-MoS2
(Figure S4-11). Moreover, Figure 4-3e¢ compares the 71 = 10 value of Rui@MoS: with
previously reported catalysts. The demonstrated activity of Rui@MoS:2 is comparable
to those of other previously reported state-of-the-art hydrogen evolution
electrocatalysts (also summarized in Table S4-3). The stability is of vital importance in
electrocatalysis. To investigate the long-term stability, Rui@MoS: ink was drop-cast
onto carbon cloth and examined by a chronoamperometric (CP) test at a current density
of 500 mA cm™ in a 1.0 M KOH (Figure 4-3f and g). As demonstrated in Figure 4-3g,
the Rui@MoS:2 shows excellent catalytic stability for alkaline HER.

Combined the above structure characterization and experimental data, we assume that
the dramatically improved HER activities of Rui@D-MoS: is ascribed to the unique
coordinated configuration of Ru atoms in defective MoS,. Afterward, the density
functional theory (DFT) calculations were applied to clarify the refined atomic
configuration of the isolated Ru atoms within MoS:2 nanosheet. Firstly, the formation
energy of the Ru atom replacing the Mo site (named as Rui(Mo)@MoS2) was
calculated, shown in Figure S4-12. The results exhibit that Ru atoms tend to replace
Mo sites with an exothermic energy of —4.05 eV, indicating the substitutional doping
of Ru is a thermodynamically driven process. In contrast, the positive formation energy
for Ru replacing S site (named as Rui(S)@MoS2) is energetically unfavorable,
suggesting that Ru atoms tend to occupy the Mo site instead of S site, which is
consistent with the HAADF-STEM image and XANES. The formation energy of SVs

in MoS2 (named as MoS2-Sv) and Rui@D-MoS:2 was calculated as well. As shown in
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Figure S4-12, the decrease in the formation energy of SVs by 1.55 eV after Ru doping

indicate the feasibility of using Ru doping to create SVs.
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Figure 4-4. DFT calculations. (a-c) The geometries of MoS2, MoS2-Sv, and Rui@D-
MoS: and their 3D charge density differences calculated by DFT. (d) Comparison of
the total DOS for MoS2, MoS2-Sv, and Rui@D-MoS:. (e) Free energy diagrams of the
MoS2, MoS:2-Sv, Rui(S)@MoS2, Rui(Mo)@MoS:2 and Rui@D-MoS: under alkaline

solution. (f) The optimized structures of the intermediates on Rui@D-MoS:.

Meanwhile, Figure 4-4a—c displays the 3D charge density differences of C-MoS:, D-
MoS2, and Rui@D-MoS:. The Bader charge was applied to analyze the electron
loss/gain (Figure S4-13). As shown in Figure 4-4b and Figure S4-13, after removing a
S atom, the residual electrons restrained at the S-vacancies flow toward the surrounding
Mo atoms, resulting in a higher electron density nearby, leaving the S-vacancies
electron-deficient, which agrees well with the XPS and XAS results. Moreover, the
loading of Ru atoms will lead to further deviation of the charge, due to the difference

of the electronegativity among Ru (2.2), S (2.58), and Mo (2.16) (Figure S4-13). To
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demonstrate the effect of electronically asymmetric distribution on the HER
intermediates, the charge density differences of C-MoS2, D-MoS2, and Rui@D-MoS:
with H20 and H* are calculated, respectively (Figures S14-S15). Figure S4-14 shows
that H20 has a stronger interaction with the Rui@D-MoS: compared to C-MoS2 and
D-MoS2, favoring the dissociation of H20. In contrast, the charge density difference in
Figure S4-15 exhibits a moderate interaction between H* on Rui@D-MoS:. Figure 4-
4d also compares the total density of states (DOS) of C-MoS2, D-MoS:z, and Rui@D-
MoS:z. The results show that the Rui@D-MoS:2 has the highest electronic state density
near the Fermi level (EF), suggesting the Ru site greatly facilitates the fast electron

transfer with the assistance of the S vacancy.

In alkaline conditions, the HER process includes two steps: i) the initial H20
dissociation to form H* and OH™ (AGy, ¢ ), and ii) the next hydrogen generation (AGh+),
which have been widely accepted as a descriptor to evaluate the HER activity of various
catalysts. DFT calculations are performed to explore the intrinsic catalytic activity for
the HER, based on the models shown in Figure 4-4a—c. Besides, the Ru atom substituted
S site (Rui(S)@MoS:2) and Ru atom substituted Mo site (Rui(Mo)@MoS2) models are
compared as well (Figure S4-12). The Gibbs free energy (AG) diagrams are shown in
Figure 4-4e. The H20 dissociation is generally the rate-determining step for the HER
in alkaline media, due to its high energy barrier*> 1. Unfortunately, the C-MoS2
exhibits an unfavorable water dissociation energy barrier (AGy, ) of 3.78 €V, and such
a high energy barrier hinders the water dissociation into H*, resulting in sluggish
alkaline HER kinetics. In contrast, creating S vacancy or Ru atoms substituting (Mo or
S site) can effectively decrease the AGy, g, but the corresponding energy barriers for
HER are still high. Coupling S vacancy with single Ru atom could further lower the
free energy barrier of H2O dissociation to 0.55 eV, implying that the Mo(Ru) with the
redistribution of electron density has a stronger water affinity, facilitating the water
dissociation (Figure 4-4f and S4-16). The free energy of atomic hydrogen adsorption

(AGn») is also calculated to evaluate the hydrogen evolution activity (Figure 4-de)*41.
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Obviously, the Rui@D-MoS2 shows a moderate AGu= close to 0, favoring the balance
of the adsorption and desorption of H. As a result, the Rui@D-MoS: exhibits the best

HER performance.

4.3 Conclusions

To summarize, a facile and scalable high-energy mechanochemical ball milling strategy
is developed to synthesize defective MoS: catalysts decorated with single metal atoms.
The resulting Rui@D-MoS: only demands a low overpotential of 107 mV in alkaline
electrolytes to deliver a current density of 10 mA cm 2, which is superior to most
previously reported catalysts. The XAFS analysis demonstrates that the single Ru
occupies the Mo site coupled with a S vacancy, which could induce the asymmetrical
transition of the local electron structure. DFT calculations also revealed that the
outstanding HER activity of Rui@D-MoS: is mainly attributed to the unique
asymmetrical coordination configuration of S vacancy coupled single-atom Ru, which
could not only efficiently accelerate water dissociation and alter the
adsorption/desorption of H* by optimizing intermediates binding, but also greatly
increase the electrical conductivity, and therefore leading to its remarkably improved
HER catalytic activity. This work validates the potential of HEME in the commercial

preparation of high performance HER catalysts.
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4.5 Supporting Information
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Figure S4-1. High-resolution S 2p XPS spectra of C-MoS2, D-MoS:2 and Rui@D-MoSz,

respectively.
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Figure S4-2. High-resolution Mo 3d XPS spectrum.
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Figure S4-3. High-resolution S 2p XPS spectrum.
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Figure S4-4. High-resolution Ru 3d XPS spectrum.
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Figure S4-5. EXAFS k space fitting curve (circle) and the experimental one (line) of
Rui@D-MoS:.
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Figure S4-6.Nyquist plot of electrochemical impedance spectra for C-MoS2, D-MoSz,
Rui@D-MoS:2 and Ru@C-MoSz, respectively.
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Figure S4-7. CV curves at various scan rates of (a) C-MoS2, (b)D-MoS2, (c)Rui@D-
MoS: and (d) Ru@C-MoS: in IM KOH.

ki C-MosS,
D-MoS,

sad % Ru,@D-MoS,
| v Ru@C-Mos,
N 2.3 mF-cm™
£
o
<0o.
: 0.2
N 2.0 mF-cm™
N

0.1

0.4 mF-cm™
' 20 40 60 80 100

Scan rate (mV-s™)

Figure S4-8. Linear fits of half capacitive currents versus scan rates for the extraction

of Cdl.
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Figure S4-9. (a) Electrochemical HER performance of Ru@MoS2-x (x=0,0.5,1,2,4).
(b) Comparison of overpotential values at the current density of 20 and 40 mA cm™. (c)

Nyquist plot of electrochemical impedance spectra.
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Figure S4-10. (a) and (b) TEM and HR-TEM image images of Ru@D-MoS:-4. (c) Size
distribution Ru particles. It is observed that the nano clusters of Ru are formed and

uniformly distributed the entire MoS: sheet. The average particle diameter was

determined to be 1.21 nm.
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commercial MoS:z sheet. The average particle diameter was determined to be 2.31 nm.
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Figure S4-12. Formation energies (Ef) for 2H-MoS2 with S vacancy and Ru atoms. (a)
formation of S vacancy, (b) Ru replacing S site, (¢) Ru replacing Mo sites, and (d)
formation of S vacancy after Ru replacing Mo site. The dashed circle represents the S

vacancy.
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MoS2, and Rui@D-MoS: respectively. Regarding the charge density differences, pink

and cyan represent positive and negative regions, respectively.
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Figure S4-15. The 3D charge density differences of H* adsorption on C-MoS2, D-MoS2,

and Rui@D-MoSa.
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AG=1.60 eV

Figure S4-16. The optimized structures of the intermediates on MoS2, MoS2-Sv,

Rui(Mo)@MoS: and Rui(S)MoS..
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Table S4-1. The EXAFS fitting parameters of Ru R-space for Rui@D-MoS:

Sample path N ¢’ (A? R/A

Ru;@D-MoS; Ru-S 5 0.00465 2.20488

Note: N is the coordination number; 6%, Debye-Waller factor to account for both thermal

and structural disorders; R is the distance between absorber and backscatter atoms.

Table S4-2. Elemental contents determined by ICP-MS for different catalysts.

Samples  Ru@D-Mo0S:-0.5 Ru@D-MoS;-1 Ru@D-MoS;-2 Ru@D-MoS:-4

wt.% 0.35 0.68 1.41 2.72

96



Table S4-3. Electrocatalytic HER performance of our synthesized Rui@D-MoS2

compared with that of other reported HER electrocatalysts

Catalysts Overpotential(mV) References.
at 10 mAcm?
Rui@D-MoS: 107 This work
The NisP+-Ru 123 Adv. Mater. 2020, 32, 1906972
Ru-SAs@N-TC 159 Adyv. Funct. Mater. 2020, 30, 2003007
Ru-Mo$S: 196 Small Methods 2019, 1900653
Co-NC@10rGO-leaf 220 Chem Eng J. 2021, 426, ,131270,
CsNs+—Ru-F 140 J. Mater. Chem. A, 5 (2017), 18261-18269
Ru/Ni2P@NPC 132 ACS Sustain. Chem. Eng. 2019, 7, 21, 17714—
17722
NiFeP/SG 115 Nano energy. 2019. 58. 870-876
defective MoS: 180 Adv. Mater. 2013, 25, 5807-5813
Se-MoS:-NF 132 Nat Commun. 2020, 11, 3315
SV-MoS: 170 Nature Mater. 2016, 15, 48-53
1T-2H MoS: 290 Adyv. Energy Mater. 2018, 8, 1801345.
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Chapter 5. Mechanochemical preparation of
defective MoS:; with Co and O co-doping for

electrochemical hydrogen evolution
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5.1 Introduction

Hydrogen is a clean energy carrier and also an alternative to fossil fuels owing to its
high enthalpy and zero environmental emission characteristics during combustion.
Currently, over 90% of global hydrogen supply is produced by the reformation of fossil
fuels, which involves the CO2 emission and still in short supply!:2!. To replenish the
present hydrogen supply and relief the impact on environment, water splitting via
hydrogen evolution reaction (HER) is favorable due to its simplicity, sustainability, and
high purity for industrial hydrogen production®!. Despite tremendous efforts have been
made in the past decade, platinum-based materials are still considered to be the most

(451 To make the hydrogen produced from water

effective electrocatalysts for the HER
splitting more cost-competitive, it is thus highly desirable to exploit low-cost, highly

efficient electrocatalysts to replace the expensive Pt-based catalysts.

Recently, earth-rich and cheap molybdenum disulfide (MoS2) has received great
attention as the HER catalyst. Theoretical calculations demonstrated that the edges of
MoS: have a low hydrogen adsorption free energy, resembling that of Pt [® 71, For
example, Chorkendorff et al. have experimentally proved that the electrochemically
active center of MoS: arises from the unsaturated sulfur atoms along its edges, while
the basal planes are catalytical inert . However, bulk MoS: suffers from low active-
edge-site density and poor conductivity. Therefore, different strategies have been
proposed to enhance the activity of MoSz. The reported modifications mainly involve
the domination of particle size and shape, electronic structure by doping heteroatoms
or introducing defects, heterogeneous interface, and stress engineering!® 2.
Downsizing the MoS: is a straightforward method to increase the active edge-sites,
such as nanoparticles, nanoflakes, and layer thickness '3-16l. For example, Jin Song et
al. reported a chemically exfoliated MoS2 with significantly enhanced electrocatalytic
performance via lithium intercalation ['*. The observed overpotential at 10 mA cm™
significantly decreased from 320 mV (as-grown MoS2) to 195 mV. Engineering

vacancy defects onto bulk MoS2 can not only improve the conductivity but also
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manipulate the number of active sites and the hydrogen adsorption free energy. For
example, Zheng et al. reported a strained S vacancy engineer via exposing MoS2 to Ar
plasma ['7!. Combining DFT calculations, it is found that the strained S-vacancy sites
can manipulate the gap states even closer to the Fermi level, thus yielding an optimal
AGn. Besides the plasma engraving, chemical etching agent (such as H203) is also
found to be able to create S-vacancy defects on the basal plane ['*). By regulating the
etching duration, etching solution, and etching temperature, a homogeneously
distributed single S-vacancies onto the MoS: is obtained, leading to an overpotential
decreased from 220 mV to 131 mV at the current density of 10 mA cm 2. Heteroatom
doping can not only activate their adjacent S atoms but also increase the electrical
conductivity. Bao et al. reported an atomically dispersed Co atom into the in-plane
domain of MoS: !, The incorporation of Co atoms can moderate the H adsorption
energy to enhance the HER activity. The resulted mPF-Co-MoS: electrocatalyst
exhibits a high HER activity with the overpotential of only 156 mV at a current density
of 10 mA cm™. However, the execution of above-mentioned defect preparation methods
is not only complicated, but also expensive and in high demand of apparatus, such as
high temperature/pressure, strong reducing agents, or poisonous reactants. Besides, the
batch preparation of catalysts with these methods still needs to be further evaluated. It
is also highly desirable to find a way for mass fabrication. Moreover, for the industrial
application, the stability of the catalysts also needs to be examined at a current density

of 500 mA cm? in alkaline solutions for the large-scale hydrogen production.2% 2!,

Herein, we propose an economic and efficient strategy to exclude chalcogen atoms for
the mass preparation of defective MoS2 (Co,0@MoS2-0.4) via high-energy
mechanochemical ball milling (HMBM). Through the HMBM with CoO, the size effect,
defect engineering and heteroatom doping can be simultaneously achieved. During
grinding, the CoO can act as auxiliary agent to shatter the bulk MoSz, thus exposing
more active edges and concurrently creating more defects (active sites). Besides the

reduced size, heteroatomic Co is incorporated into the MoS: lattice during the
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mechanochemical milling, which can further activate the inert surface of MoSz. All
these multi-dimensional regulations contribute to an optimal catalytic activity toward
the HER, resulting in an overpotential of 94 mV at the current density of 10 mA cm™.
Furthermore, the stability tests indicate that the prepared catalyst Co,O0@MoS2-0.4

holds great promise for commercial large-scale hydrogen production.

5.2 Results and discussion

Bulk MoS3 CoO@MoS;

Removal of CoO

Mechanochemical

ball milling HCI solution Co,0@MoS2

Figure 5-1. Schematic drawing of scalable catalyst preparation for hydrogen

production.

The heteroatom decorated, curved MoS:2 nanosheets (Co,0@MoS:2) were prepared via
a simple one-step high-energy mechanochemical ball milling process. A schematic of
the process is shown in Figure 5-1. Here, the commercial MoS:2 (C-MoS2, ~2 um) was
directly used as the starting material. Our previous work indicates that the use of oxide
additive (rigid Al203, hardness: 2160 kg mm™) during HMBM can effectively refine
the particle size and create defects. In this work, we use CoO with low hardness (279
kg mm) to replace the Al203. Note that the CoO can function as grinding additive and
Co source. The mechanochemical reaction was carried out using a type of planetary
ball mill at room temperature which can generate shear force and impact force.
Afterward, the CoO particles were etched by HCI solution. By regulating the mass ratio

of CoO to MoS», different Co,0@MoS2x (x represents the mass of CoO) catalysts are
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fabricated, of which the Co,0@Mo08S2-0.4 (named thereafter Co,O0@MoS:2) exhibits the
best HER performance. The experimental results indicate that the introduction of CoO
can not only promote the exfoliation and refinement of the bulk MoSz, but also bend

the 2D lamellar structure of MoSa.

a Co,0@MoS,

(002)

Internsity (a.u.)

2H-MoS, (Ref. : 03-065-0160) -_

. '.|I|.' | Lo | B
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360 380 400 420 440
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Figure 5-2. (a) XRD patterns of C-MoS2, M-MoS:2 and Co,0@MoSz. (b-c) SEM
images of C-MoS: (b), M-MoS: (c¢) and Co,0@MoS: (d). (e) The enlarged SEM image
of Co,0@MoSz. (fand g) HRTEM images of C-MoS2 and M-MoSz. (h) Representative
Raman spectra for C-MoSz2, M-MoS: and Co,0@MoSz2, respectively.

The powder X-ray diffraction (PXRD) was firstly used to characterize the synthesized
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samples. As shown in Figure 5-2a, strong reflections of C-MoS: in the PXRD pattern
indicate the crystal structure of 2H 22!, After HMBM, the ball milled MoS2 (M-MoS2)
displays a peak broadening and weakening, implying the decreased number of stacked
and smaller crystallite size compared to C-MoS: [?* 24, Compared with the M-MoS,
the dramatically weakened XRD peak intensity of the Co,0@MoS: implies that the
introduction of CoO can remarkably promote the grain refinement of bulk MoS: (Figure
S5-1). It can be noted that the existing characteristic peaks of 2H phase for Co,O0@MoS2
indicate no phase transformation occurs. The scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) are also applied to reveal the morphology
changes of MoS:2 with and without CoO. As shown in Figure 5-2b, the milled MoS:
without CoO (M-MoS2) maintained the 2D lamellar structure. In contrast, the
Co,0@MoS: presents a curved morphology (Figure 5-2d and e). High-resolution
transmission electron microscopy (HRTEM, Figure 5-2f and g ) further validates the
atomically curved MoS: from the cross-sectional view. This could be explained that the
ductile MoS: could be coated onto the CoO (Figure S5-2) and then curled under shear
force during milling. The MoS: preserved the curved morphology after HCI solution
etching. The curved morphology caused by lattice bending inevitably generates out-of-
plane lattice strains, which is conceived to be beneficial for the HERI7 2% 261,
Simultaneously, the size of Co@MoS: in Figure 5-2¢ is significantly smaller than that

of M-MoS:z.(Figure 5-2c¢), which is consistent with the XRD results.

We further conducted the structure characterization using Raman spectroscopy. As
shown in Figure 5-2f, two prominent Raman bands at approximately 380 and 405 cm™!
represent the in-plane E'zg and out-of-plane A'y vibration modes of 2H-MoS2,
respectively (27 281, Note that, the Raman characteristic peaks of Co@MoS:2-x (Figure
5-2f and S5-3) and M-MoS: presents opposite shift trends. As compared with the C-
MoS2, the M-MoS: shows a blueshift, which is related to the reduced particle size and
layers?®- Y. Conversely, a red shift can be observed for the Co,0@Mo08S:-x, which can

be ascribed to the heteroatom doping as well as the strain ['”> 18], The chemical state of
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the as-obtained MoS: catalysts was also characterized by X-ray photoelectron
spectroscopy (XPS). In Mo 3d XPS spectrum (Figure S5-4), two major peaks are
distinctly observed at 229.6 and 232.7 eV, which are assigned to the Mo 3d 5/2 and Mo
3d 3/2 in C-MoS: B!:321 respectively. Obviously, the valence state of Mo in M-MoS2
did not present observable changes , indicating that the HEMM process without CoO
cannot generate abundant defects on MoSz. In contrast, the peaks of Mo 3d for
Co,0@MoS: shift to lower energy. Similar phenomena are also observed from the S 2s
XPS spectrum (Figure S5-5). Both shifts of Mo 3d and S 2s peaks to lower energy
indicate that the electron density around the Mo and S sites increases, which can be
ascribed to the created defects and heteroatom incorporation. Meanwhile, the detected
Co 2p signal provides solid evidence for Co incorporation into the Co@MoS: (Figure
S5-6). The value of Co 2p3/2 was measured to be 779.1 eV, indicating that Co atoms
are chemically bonded into MoS: instead of metallic Co (778 eV) [**33] or CoO (780.7
eV) 3637 The results confirmed that atomic diffusion occurred during the HMBM
process, and Co atoms were incorporated into lattice of MoS: driven by mechanical
force. Moreover, the gradually enhanced peak intensity of Co 2p3/2 with the increase
of CoO reflects the higher content of cobalt atoms. Inductively coupled plasma-atomic
emission spectrometry (ICP-AES) is also conducted to quantitatively identify the
content of Co, shown in Table S5-1. The results show that the increase of CoO will lead
to the enhancement of Co loading amount in MoS2. Accordingly, the heteroatom
incorporation further affirms the red shift in the Raman spectra. Besides, O 1s XPS of
Co,0@MoS: is also detected (Figure S5-7), which can be deconvolved into two peaks.
The O 1s peak at 531.5 eV ascribes to the binding energy of M(Co/Mo)-O bonds,
indicating O atoms are also successfully incorporated ¥-4°1. The O 1s peak at 532.4 eV

is assigned to the adsorbed water molecules 33 41-42],
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Figure 5-3. Structure characterizations of Co,0@MoSz. (a) Aberration-corrected
atomic resolution HAADF-STEM image of Co,0@MoS:. (b) Intensity profiles along
line 1 and 2 indicated in image (a). (¢) EDS mapping of Co,0@MoS:. (d) Normalized
Co K-edge X-ray absorption near-edge structure spectra (XANES) of the Co K-edge
for the Co foil, CoO and Co,0@MoS:2, respectively. (e¢) Fourier transform (FT) k*-
weighted XANES of Co,0@MoS2, CoO and Co foil. (f). Wavelet transform (WT) for
the k*>-weighted EXAFS signals of Co,0@MoS2, CoO and Co foil, respectively. (g).
The corresponding experimental and best-fitted EXAFS spectra in R space for
Co,0@MoSz. (h) The simulation model of Co,0@MoS:. The dashed circle represents

the S vacancy.

In addition, the atomic-resolution aberration-corrected HAADF-STEM was performed
to verify the coordination of Co atoms in the MoS: lattice, and also to observe the

dispersion status of Co directly. As shown in Figure 5-3a and b, Co atoms are present
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as darker dots and Mo atoms are shown as brighter dots, due to the lower atomic number
of Co in comparison to Mo. Furthermore, the energy-dispersive X-ray spectroscopy
(EDS) analysis in Figure 5-3c validates the homogeneous elemental distribution of Co
atoms in Co,0@MoS2. Meanwhile, the chemical state and coordination environment
of the Co,0@MoS: was examined by X-ray absorption near-edge structure (XANES)
spectroscopy and extended X-ray absorption fine structure (EXAFS) spectroscopy.
Figure S5-8 and S5-9 show the Mo K-edge XANES and the EXAFS spectra of C-MoSz,
M-MoS:2 and Co,0@MoS: samples. It can be seen that the intensity of white line of M-
MoS: and Co,0@MoS: is weaker than that of C-MoS:, indicating the generation of
defects. In contrast, Co,0@MoS: shows the lowest intensity of white line, ascribing to
the defects and heteroatom doping. The corresponding FT-EXAFS spectra (Figure S5-
9) are also applied to validate the existence of defects. The decrease of peak intensity
for Mo-S coordination in Figure S5-9b indicates the HMBM process can create defects
in the MoS2 and the Co,0@MoS: possesses the highest defects density. Moreover, the
Mo—Mo radial of Co,O0@MoS: presents a small shift as compared to C-MoS2, while
the shift is not observed for the M-MoS2. Such changes indicate the existence of strain
251 The results are consistent with the XPS results (Figure S5-4). Figure 5-3d also
compares the XANES spectra of Co foil, CoO and Co,0@Mo0S2-0.4 at the Co K-edge.
The XANES spectra reveal that the absorption energy of Co,0@MoS: is lower than
that of CoO but higher than that of the Co foil. The results imply that Co is positively
charged, and the valence state of Co is between the Co foil (0) and CoO (+2), which
agrees well with the XPS results, further confirming the atomic Co doping. Difference
in local coordination geometry was further demonstrated by their Fourier-transformed
R-space spectra (Figure 5-3¢). A predominant peak for Co,O0@MoS: is situated at
around 1.62 A, corresponding to Co—S/O scattering path, while no Co—Co coordination
peak at 2.2 A can be detected. In contrast, the CoO and Co foil display a dominant Co-
Co path at 2.6 A and 2.2 A respectively [*> %!, The absence of Co-Co contribution in
the spectra of Co,0@MoS: further validates the atomic dispersion of Co atoms, which

is in line well with the HAADF-STEM observation. Furthermore, EXAFS wavelet
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transform (WT) analysis was employed for discernment of the atomic Co dispersion.
The WT plot (Figure 5-3f) of Co,0@MoS: shows the WT maximum at around 5.0 A™!
is attributed to the Co—S/O bond by comparing with the Co foil and CoO, while no
intensity maximum corresponded to Co-Co can be observed. The quantitative structural
parameters of Co sites in Co,0@MoS: are obtained from the least-squares EXAFS
fitting analysis. As shown in Figure 5-3g, the k space and R space best fitting curves
matched well with the experimental results. The fitting result of Co,0@MoS: (Figure
5-3g and Table S5-2) shows the co-presence of Co-S and Co-O scattering path with
coordination numbers of 4.0 and 0.6, respectively. These results indicate that Co atoms
are coordinated with four S atoms and one O atom in Co,0@MoS:. Figure 5-3h shows

the corresponding atomic structure model.

The HER electrocatalytic activity of prepared MoS:-based catalysts was examined
using a typical standard three-electrode system in a 1 M KOH solution. Figure 5-4a and
Figure S5-10 show the representative linear sweep voltammograms (LSV) curves for
20% Pt/C electrode, commercial MoS2, CoO particle, M-MoS2, and Co,0@MoS:2-x.
Due to its limited electrochemical active edges, the commercial MoS: exhibits very low
HER activity, confirming that the commercial MoS2 mainly consists of the inactive
basal plane. The HMBM process can effectively exfoliate and refine the MoS:2 particles,
thus exposing more active edges. Accordingly, the catalytic activity of the milled MoS:
(M-MoS>) is about 100 mV smaller than that of the commercial MoS: at 10 mA cm™.
Extraordinarily, the MoS2 mechanochemically modified with CoO can further optimize
the HER catalytic activity. Through regulating the mass ratio of CoO/MoS2, the
modified MoS: exhibits excellent catalytic activity with the increase of cobalt oxide
content (Figure S5-10). Typically, the Co,0@Mo0S2-0.4 shows a lowest overpotential
0of 94 mV at 10 mA cm2, which is 130 mV and 230mV smaller than that of the M-MoS>
and C-MoS:, respectively (Figure 5-3a and Figure S5-12). The Tafel slope, as a pivotal
kinetic parameter, is usually used to investigate the rate-determining step of an

electrochemical process. By fitting the LSV curves, the Co,0@Mo0S2-0.4 shows the
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lowest Tafel slope of 76 mV dec™! among the as-prepared catalysts, whereas that for the
C-MoS: is as large as 103 mV dec’!(Figure 5-4b). The decrease from 103 to 76 mV dec
Uindicates that the isolated Co atoms incorporation could alter the rate-limiting step
from the H adsorption to electrochemical desorption step, reflecting the Volmer—

Heyrovsky mechanism 43,
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Figure 5-4. Catalytic HER performances. (a) Linear sweep voltammetry (LSV) curves
of C-MoS2, CoO, M-MoS2, Co,0@MoS: and 20 wt% Pt/C in 1.0 M KOH at a scan rate
of 5 mV s™!. (b) Tafel plots derived from the LSV curves in (a). (c) Nyquist plot of
electrochemical impedance spectra for C-MoS2, M-MoS2 and Co,0@MoSz. (d) HER
polarization curves of Co,0@MoS: coated on carbon cloth. (e) Long-term stability test

of Co,0@MoS: at 500 mA cm?. (f) Comparison of the 110 values between Co,0@MoS2

and hydrogen evolution electrocatalysts. g) Stability test of Rui@MoS:2 at 500 mA cm’
2
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Electrochemical impedance spectroscopy (EIS) tests were conducted to further
investigate the charge transfer kinetics. As shown in Figure 5-4c and Figure S5-13, the
charge transfer resistances (Rct) of the Co,0@MoS2-x decline substantially compared
with C-MoS:2 and M-MoS2, of which Co@Mo0S2-0.4 exhibits smallest Rct value of 7.4
Q. The results suggest that the Co@MoS2-0.4 possesses the best charge-transfer
properties than the other samples, thus has superior HER kinetics. The electrochemical
active surface area (ECSA) was also evaluated from the double-layer capacitance (Car)
to understand the improvement of the HER activity, shown in Figure S5-11 and S5-12.
Remarkably, the Co@Mo0S2-0.4 yields the highest Cai value of 31.9 mF cm 2, whereas
the C-MoS2, M-MoS2, Co,0@Mo0S2-0.1, and Co,0@Mo0S2-0.2 are determined to be
3.5, 9.6, 10.1, and 14.1 mF-cm™, respectively. The results indicate that introducing
more CoO can remarkably extend the electrochemical active area during HMBM, thus
rendering more catalytic active sites. In addition, stability performance was evaluated
via dropping the Co,0@MoS:2 onto carbon cloth (Figure 5-4d and e). Under the current
density of 120 mA cm™, the Co,0@MoS: shows a negligible decrease after 30000 s.
Considering the industrial applications, we further examined the stability under a high
current density of 500 mA cm (Figure 5-4¢). The high current density remained after
continuous test of 30000 s, reflecting the robust structure of Co,0@MoS: even at high
current density. The features of low overpotential, low EIS, large Cdl as well as good
stability at high current density demonstrate that Co,O@MoS: is an excellent HER
catalyst. Combining the abundance and cheapness of C-MoS2, our synthetic strategy of
CoO-assisted HMBM provides a commercially feasible method for hydrogen
production via water splitting. Moreover, compared with previously reported MoS:z-
based catalysts, the Co,0@Mo0S2-0.4 also shows outstanding HER activity (Figure 5-
4f, Table S5-3). The fabrication methods via ball milling for the Co,0@MoS2 show
noticeable superiority over other methods, such as the simple process, low equipment
requirement, and large-scale preparation. Then we further evaluate the cost of
fabricated catalysts. Figure 5-4g (Table S5-4) displays the overpotential (@10mA cm-

2) vs. cost. Apparently, the Co,0@MoS: indicates the comprehensive advantages of
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properties and price, which provides a promising and practical way toward large-scale

production of advanced HER catalysts for commercial application.
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Figure 5-5. (a) The hydrogen adsorption free energy diagrams of the C-MoS:,
Co,0@MoSz, strained Co,0@MoSz2. (b) Comparison of the DOS for C-MoSa,
Co,0@MoS2, and strained Co,0@MoS:, respectively.

DFT calculations were also carried out to gain further insights into the influence of Co
doping and strain on the HER activity. For an ideal HER catalyst, the free energy of
hydrogen adsorption (AGy-) should be close to 0 eV. As shown in Figure 5-5a, the AGy-
on the surface of Co,0@MoS: and strain Co,0@MoS: is calculated to be -0.35 eV, and
-0.31 eV, respectively, which is much smaller than that on the pristine MoS2 (2.06 eV).
Thus, the strained Co,0@MoS: is expected to show better HER activity than that of
the Co,0@MoS2, and the Co doping can sufficiently enhance the HER activity of MoS2,
which is in line with our experimental findings. To understand such enhancement of
HER activity, the density of states (DOS) of the pristine MoS2, Co,0@MoS: and
strained Co,0@MoS: are calculated and shown in Figure 5-5b. The Co doping leads to
more states around the Fermi level which not only promotes the interaction between
the catalyst and reactants but also improve the electric conductivity of MoS2. When
stain is applied, the states near to the Fermi level is slightly reduced and pushed into

deeper level, which consequently weakens the strong binding of hydrogen and the

Co,0@MoS: surface.
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5.3 Conclusions

In summary, we reported a sustainable batch preparation method for producing MoSz-
based HER electrocatalysts. The catalytic activity of the commercial bulk MoS: can be
modulated by ball milling with CoO via integrating the strain, heteroatom doping and
particle sizes. The Co,O0@MoS2 demonstrated the most outstanding HER activity of all
the fabricated catalysts, with a low overpotential of 94 mV at 10 mA cm™ under strong
alkaline conditions. Moreover, the catalysts exhibit decent catalytic stability under both
low-current density and high-current density. Furthermore, the cheap and earth
abundant MoS: also provides the electrocatalytic HER with significant economic
performance. Evaluated from the aspect of performance and cost, our results show the
great potential of the developed method in industrialized sustainable hydrogen

production.
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5.5 Supporting Information
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Figure S5-1. XRD patterns of Co,0@MoSz2x (x=0.1, 0.2 and 0.4).
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Figure S5-2. The SEM images of Co,0@Mo0S2-0.4 after milling.
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Figure S5-3. Representative Raman spectra for Co,0@MoS2-x (x=0.1, 0.2 and 0.4).
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Figure S5-4. High-resolution Mo 3d XPS spectra of C-MoS2, M-MoS2, and
Co,0@MoS2-x (x=0.1, 0.2 and 0.4), respectively.
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Figure S5-5. High-resolution S 2p XPS spectra of C-MoS2, M-MoSz, and Co,O0@D-
MoS2-x (x=0.1, 0.2 and 0.4), respectively.
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Figure S5-6. High-resolution Co 2p XPS spectra of Co,0@MoS2-x (x=0.1, 0.2 and

0.4), respectively.
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Figure S5-7. High-resolution O 1s XPS spectra of Co,0@MoS:.
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Figure S5-8. Normalized XAFS spectra of the Mo K-edge for the C-MoS2, M-MoS:
and Co,0@MoS:2 samples.
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Figure S5-9. Fourier transform of Mo K-edge EXAFS spectra (a). (b) and (c) are the
enlarged spectra corresponding to region 1 and 2 in (a).
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Figure S5-10. (a) Electrochemical HER performance of Co,0@MoS2-x (x=0.1, 0.2
and 0.4).
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Figure S5-11. CV curves at various scan rates of (a) C-MoS2, b)M-MoS2, (c)
Co,0@Mo08S2-0.1, Co,0@Mo0S2-0.2 and Co,0@Mo0S2-0.4 in IM KOH.
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Figure S5-12. (a) Linear fits of half capacitive currents versus scan rates for the
extraction of Cdl. (b) Comparison of Tafel slope and overpotential values at the current

density of 10 mA cm >
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Figure S5-13.Nyquist plot of electrochemical impedance spectra for Co,0@MoS2-x
(x=0.1, 0.2 and 0.4).

Table S5-1. Elemental contents determined by ICP-MS for different catalysts.

Samples Co,0@Mo0S:-0.1 Co,0@Mo0S:-0.2 Co,0@MoS:-0.4
Content (Wt%) 0.13 0.24 0.44

Table S5-2. The EXAFS fitting parameters of Co R-space for Co,O0@D-MoS:.

Sample path N ¢? (A? R/A
Co-O 1 0.00497 1.81532
Co,0@MoS2
Co-S 4 0.0051 2.19372

Note: N is the coordination number; 62, Debye-Waller factor to account for both thermal

and structural disorders; R is the distance between absorber and backscatter atoms.
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Table S5-3. Electrocatalytic HER performance of our synthesized Co,0@D-MoS:

compared with that of other reported MoS2-based HER electrocatalysts.

Overpotential
Catalysts at 10 mA-cm™2  Electrolyte Ref.
(mV)
Co,0@MoS2 94 1 M KOH This work
Monolayer 2H- Adv. Mater. 2013, 25, 5807—
MoS 170 0.5 M H2SO¢4 5313,
Adv. Energy Mater. 2018, 8§,
1T-2H MoS: 290 1 M KOH 1801345,
SV-MoS» 170 0.5 M H2SO4  Nature Mater. 2016, 15, 4853
J. Am. Chem. Soc. 2020, 142,
MoS2-60 s 131 0.5 M H2SO4 42984308
defective MoS: 180 0.5 M Has0, 4w Mater: 2013, 25, 5807~
5813
J. Am. Chem. Soc. 2017, 139,
Zn-MoS> 140 0.5 M H2SO4 1547915485
: Int. J. Hydrog. Energy. 2020,
MoS2/NizS2 85 1 M KOH 45, 13149-13162.
Co(10.4)/Se-
MoSa-NF 132 0.5 M H2SO4  Nat Commun. 2020, 11, 3315
ACS Appl. Mater. Interfaces
CoMoS/C 140 0.5 M H2SO4 2015, 7. 27242
MoSP/CB 120 0.5 M HxSOs Adv. Mater. 2016, 28, 1427—
1432
J. Am. Chem. Soc. 2019, 141,
N-MoS2/CN 114 0.5 M H2SO4 1857818584,
J. Am. Chem. Soc. 2011, 133,
MoS2/RGO 150 0.5 M H2SO4 79967299
MoO3/MoS: 250 0.5MHaS0s  ACOAppl Energy Mater.

2020, 3, 5333-5342.
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Table S5-4. Comparison of the cost vs. activity at 10 mAcm™.

Overpotential at 10

Catalysts mA-cm-2 (mV) Electrolyte Price ($/Kg) Ref.
Rh-MoS» 67 0.5 M H2SO4 14246 [3]
MoS2/NiCo-
DI 78 1 M KOH 3432 [4]
20wt% Pt/C 66 | M KOH 263000 This
work
Co,0@MoS: 94 | M KOH 318 This
work
MoS2/RGO 150 0.5 M H2SO4 196469 [5]
Cu@Mo$2 131 0.5 M H2SO4 42254 [6]
1T-2H MoS:> 290 1 M KOH 63264 [7]
NiFeP/SG 115 1 M KOH 6267 [8]
C- MoS> 323 1 M KOH 186 This
work
Ni-WSe» 215 | M KOH 16052 [9]
Reference:

1. Yu, X., et al., An Mn-doped NiCoP flower-like structure as a highly efficient
electrocatalyst for hydrogen evolution reaction in acidic and alkaline solutions

with long duration. Nanoscale, 2021. 13(25): p. 11069-11076.

2. Zhou, Q., et al., FEngineering additional edge sites on molybdenum
dichalcogenides toward accelerated alkaline hydrogen evolution kinetics.

Nanoscale, 2019. 11(2): p. 717-724.

3. Meng, X., et al., Distance Synergy of MoS2-Confined Rhodium Atoms for Highly
Efficient Hydrogen Evolution. Angewandte Chemie International Edition, 2020.
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Chapter 6. Crossover from physisorption to

chemisorption: a rational design for H; storage
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6.1 Introduction

The ever-growing energy demand versus the depleting of fossil fuel reserves and the
environmental pollution urge us to promote the carbon neutralization by the use of clean

[1-4]° Among all new energy sources, hydrogen holds significant promise as a

energy
clean energy carrier owing to its characteristics of high enthalpy, zero emission, and
renewability 1> > ¢ However, as a vital component in ‘hydrogen economy’, hydrogen

[7-9

storage and transportation is still a big challenge at present!’-). Thus, the exploration of

effective hydrogen storage solutions is a matter of utmost urgency.

Currently, great efforts have been devoted to solid-state hydrogen storage materials due
to their high safety and promising hydrogen storage capacity!!%!?l. Generally, based on
the intrinsic hydrogen adsorption fashions, the existed solid-state hydrogen storage
materials can be categorized into two types: molecular physisorption-type materials and
atomic chemisorption-type materials. The former is typically characterized by high
specific surface area and favorable porosity such as metal organic frameworks (MOFs),
carbon nanotubes (CNTSs), activated carbons (ACs), etc.['*17]. Hydrogen adsorption via
molecular physisorption fashion relies on the Van der Walls force between H2 molecules
and material surface!'®!. Such weak interaction (generally lower than 0.15 eV) can only
stabilize considerable hydrogen under low temperatures. Elevating the temperature will
dramatically reduce the hydrogen storage capacity. In contrast, the atomic
chemisorption-type materials store hydrogen via chemically binding the atomic H, such

19211 In this case,

as metal hydrides, complex hydrides, liquid organic hydrides [
hydrogen desorption requires extra energy input to break the strong bonding. For
example, the decomposition of MgH> can be triggered while the temperature is higher
than 300 °C[2%23] Efforts are also devoted to improving the hydrogen storage properties
of such materials. Basically, previous designs and modifications related to hydrogen
storage materials involve improving weak molecular physisorption, or to decreasing the

strong atomic chemisorption, such as heteroatom doping, alloying, and forming

composite!>*2%]. However, no materials to date can satisfy the hydrogen storage targets
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for practical application. Therefore, theoretical breakthrough is essential for exploiting

a new class of materials for hydrogen storage.

Herein, we found that the uniquely unsaturated Ti atom can bind H2 molecules via
molecular chemisorption method. Differing from the weak Van der Walls force and
strong chemical bonding, the molecular chemisorption involves a strong electronic
interaction between Ti atom and molecular Ha. Further DFT calculations indicate that
this electronic interaction can effectively enhance the binding energy of hydrogen
molecules on adsorption sites as compared to physisorption. In addition, compared with
the dissociated chemisorption, the molecular chemisorption maintains the molecular
form of hydrogen adsorbed, favoring hydrogen desorption. It is found that the binding
energy of Hz for four-coordinates Ti atom was determined to be 0.3 eV, which is
evidently larger than that of the five-coordinates Ti atom (0.18 eV). This work provides

anew method for designing hydrogen storage material with moderate adsorption energy.

6.2 Results and Discussion

Understanding the interactions between hydrogen molecule and material surface is of
great importance, which determines the binding affinities of potential hydrogen storage
materials, and thus their extent of potential for practical use. Previously, the hydrogen
adsorption behaviors are investigated by DFT calculations while approaching to a
neutral metal atom (such as Ni) and a low valence metal ion (such as Ni")*#.. The results
indicate that the dissociation of hydrogen molecule is blocked due to the higher second
ionization potential of the Ni" atom, and several H2 molecules to be chemisorbed in the
form of molecular onto Ni" ion under the strong polarization effect. In contrast,
hydrogen molecule will be dissociated and chemisorbed by neutral metal atom (Ni).
The results imply that the low valence TM ions have greater potential than neutral TM
atoms for hydrogen storage.

However, isolated TM ion cannot exist itself in nature and prefers to be hexa-coordinate

131



in the solid state, which is adverse to hydrogen adsorption. Therefore, rational design
and delicate synthesis of metal atom with unique coordination structure is vital to

achieve hydrogen storage materials with optimal adsorption energy (Figure 6-1a).
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Figure 6-1. (a) Types of hydrogen interaction with adsorption sites. (b) The average
adsorption energy of H> onto Ti atoms with different coordination number. (c)
Corresponding Structural model of hydrogen adsorption. (d) The distance between Ti
and hydrogen. The red, blue, green, and grey balls represent O atom, Ti atom, H atom

and O vacancy, respectively.

In this work, using TiO2 as an example material, we investigate the binding energy of
H2 molecule adsorbed onto interfacial titanium atom with different coordination
numbers shown in Figure 6-1b. For perfect TiOz, the interface of TiOz is covered with
both 6-coordinates and 5-coordinates Ti atoms. H> molecule will automatically
attracted by five-coordinates Ti atom with a binding energy of 0.18 eV. Decreasing the
coordination number of Ti to 5 and 4, the binding energy of Hz is increased to 0.3 and

0.25 eV, respectively. Further regulating the coordination number to two, the molecular
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H> will be dissociated into hydrogen atoms while approaching to Ti atom and adsorbed
in the form of strong chemisorption. The resulted hydrogen adsorption energy is
determined to be 1.65 eV. Figure 6-1c shows the corresponding structural model of
hydrogen adsorption. Moreover, the distance of Hz to Ti atom is also determined, shown
in Figure 6-1d. Obviously, the distance is decreased with the reduce of coordination

number, implying that the enhanced interaction between H: molecule and low-

coordinates Ti atom.

5c-Ti  4c-Ti Vacancy 1

% B T B !

g ) Hydrogen PR : * 5c-T|§ +}C-TI + o Ti :

' ‘ ' . S

. -Ti A 1

=g Annealing gt g * * PYON]

, _ o .

g - o)== )=o) :

R I 1 & d |

Defective TiO, Top view :

c & d
8 -
— 29 @ El
E] 3 |io,400 m o o g
= Ti0,-400 g :;ag:k,mﬂm g
= — '3 )
- el G [rioqa00 R FI 2
i Ti0,-300 g s e ;';"::% §
Ti0,-200 Ti0,-200 m ge n: <
)
o NS
20 30 40 50 60 70 470 468 466 464 462 460 458 456 454 300 400 500 600 700 800
2 theta (degree) Bonding Energy (eV) Wavelength (hm)

e f3.08- n, g
5 o"’as,-
W 3.04 ”gof
R ety
R 5 3.00 s | O FEroeececaoanE S3=====
i Tio,-400 3— “ ! 1
R - 2 52.95- 53_04 eV i 293 eV
1
E 2.92; B : :

! 1 [ S N
233 eV Ti0,-200 0.08 1
0.04 4
2438V
— . 0.00

10 8 6 4 2 0 2 4 U TIOpP Ti0,200 Ti0,300 TiO,-400

Bonding Energy (eV) TiOZ-P Ti02'400

Intensity (a.u.)

Figure 6-2. (a) Schematic illustration of synthetic defective titanium oxide. (b) XRD
patterns of TiO2-P and annealed TiO2 under Hz atmosphere. (¢) High-resolution XPS
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Inspired by the theoretical calculation results, we then synthesized the defective TiO2
by an annealing process under H> atmosphere. A schematic diagram illustrates the
preparation process (Figure 6-2a). For perfect pristine TiO2 (TiO2-P), each Ti atom is
coordinated with six O atoms. There should exist five-coordinated Ti atoms on the
surface of TiO2. Even lower coordinated Ti atoms can be found on the vertices and
edges of TiO: particles. Annealing process under H> atmosphere will decrease the
coordination number of Ti by removing the O atoms. Therefore, the five-coordinated

Ti atoms on the surface are possible changing to 4-coordinates after annealing.

The structure of TiO2 was firstly examined using the X-ray diffraction (XRD). The
XRD patterns shown in Figure 6-2b suggest that the pristine TiO2 (TiO2-P) is anatase
nanocrystal and the crystal structure of titanium oxide has not changed after annealing
at the selected annealing temperature > 361, The X-ray photoelectron spectroscopy
(XPS) measurement was performed for the TiO2-P and annealed TiO2x samples (Figure
6-2c). The oxidation state of titanium did not change significantly. However, no obvious
differences can be observed in the Ti 2p XPS spectra. This may be explained by the
defect density below the detective limitation of the XPS analysis, easy oxidization of
Ti*" by a proper oxidant such as Oz, and/or the insufficient sensitivity of the XPS

analysis toward the defects in the reduced TiO2P37-4%],

To validate the existence of defects after annealing, ultraviolet-visible (UV-vis) spectra
and the valence-band X-ray photoelectron spectroscopy (VB-XPS) are also conducted
for the TiO2-P and TiO2-x samples. The ultraviolet-visible (UV-vis) spectra displayed in
Figure 6-2d show that all the samples have similar strong absorption peaks in the UV
region before 400 nm, which is originated from the intrinsic band gap absorption of
TiO2. As compared to TiO2-P, the annealed samples expand the absorption edge of TiO2
in UV—visible range with slightly red-shift. The enhanced absorbance in the visible
region is ascribed to the electronic transition from the valence band (VB) to the

localized states of oxygen vacancy associated low-valent Ti*". The results further

134



confirm the existence of oxygen vacancies, and the density of O vacancies is increased
with the increase of the annealing temperature. Moreover, the VB-XPS of pure TiO2
displays a VB maximum energy of 2.43 eV below the Fermi level (Figure 6-2¢). After
annealing, an upward shift for TiO2x sample can be observed due to the existence of
surface oxygen vacancies, in which the TiO2-400 exhibited a VB of 2.22 eV. The
corresponding band gaps were also calculated, shown in Figure 6-2f. Clearly, with the
increase of annealing temperature, the band gap of TiO2 decreases gradually, reflecting
the increases of oxygen vacancy which is in line with the UV-vis spectra results.
According to the UV-vis and VB-XPS spectral analyses (Figure 6-2d and 6-2¢, Figure
S6-1), the energetic band structure diagram of the modified TiO:2 is determined and

illustrated in Figure 6-2g.

a

K-

Ti0,-400

Intensity (a.u.)

L,

455 460 465 470 475

o8 mst;n':e(nm) 18 ’ Electron energy loss (eV)
12
e = ——Ti0,-400 f g
210 ——fitting
5
2
£ 5
2 <
- g
] X
2 &
2
o
@
E
e
s
.
o~ 4 @Ti@O0 Ovacancy . —

2 3 4 6 8
Radial distance (A) Wavenumber (A")

-
N

——TiQ,-400
A AT ey

——Ti0,-300

o AT AT e
——Tiu200,

f\ —o—Ti0,-P
00 02 04 06 08 10 1 0 20 40 60 8 100

2 5 10
Relative pressure (P/P,) Pore width (nm) H, pressure (kPa)

Figure 6-3. (a) HR-TEM image of TiO2-400. (b) HAADF-STEM images and

T~=—Ti0,P-ads —o— Ti0,-200-ads
—o— TiO,-P-des —o— Ti0,-300-des
+—9—Ti0,-300-ads —a— Ti0,-400-ads
0~ TiO-200-des —o—Ti0400-des,

——Ti0,-P

00 —o— TiO,-200
] ——Tio,-300
—o— Ti0,-400

a
=]

NN W
a
=}
o
L

=3
S
N
o
L

Quantity Adsorbed (cm¥/g STP) ‘mmm
£
.

Nitrogen adsorbed (cm®g)

o
=]
L

dVIdW Pore Volume (cm*/g-nm) ssma
N

o
N

(c)corresponding intensity line profile extracted from HAADF-STEM image of TiOz-

135



400. (d) EELS spectra of TiO2-P and TiO2-400. (e) Experimental and best-fitted EXAFS
spectra in R space for TiO2-400. (f) Schematic model of tetra-coordinated Ti atom. (g)
Experimental and best-fitted EXAFS spectra in k space for TiO2-400. (h) Nitrogen
adsorption desorption isotherms and (i) corresponding pore size distribution of TiO2-P
and annealed TiO2-x. (h) Hydrogen adsorption curves for all TiO2 samples under liquid

temperature.

The morphology of TiO2-P and annealed TiO2x is characterized by the SEM and TEM.
In Figure S6-2, the SEM image indicates that the TiO2-P nanoparticles were loosely
aggregated with particle size of around 20 nm. After annealing, the particle size did not
change significantly (Figure S6-3). High-resolution TEM (HRTEM) image in Figure 6-
3a shows that the TiO2 nanoparticles after annealing remain crystallized. The
characteristic lattice fringes of 0.35 nm can be indexed as the (1 0 1) planes of the
anatase. Further atomic scale structures are probed for the TiO2-400 by using the high-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM).
As shown in Figure 6-3b, the slightly distortion can be observed in the corresponding
intensity line profiles of the bottom panel (indicated by black arrows) of Figures 6-3c,
which is ascribed to the existence of oxygen vacancies [*!1. In contrast, such distortion
is not observed in TiO2-P (Figure S6-4). Electron energy loss spectroscopy (EELS) is
further conducted to obtain a qualitative interpretation of chemical bonding. Figure 6-
6-3d shows that the Ti L peaks at high energy (460—470 eV) of TiO2-400 shift to lower
energies compared with TiO2-P. The results indicate a reduced valence state of titanium
and confirm the existence of oxygen defects. These phenomena further imply that the
surface oxygen atoms of TiO2 are removed after high temperature treatment, resulting

in the reduction of the surface of the sample.

X-ray absorption fine structure (XAFS) analysis was further conducted to understand
the coordination environment of TiO2 before and after annealing. Figure S6-5 shows

the Ti K-edge X-ray absorption near edge structure (XANES) spectra. The TiO2-P and
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annealed TiO2-x samples display similar XANES spectra with the anatase TiOg,
implying the similar local structure environment. Besides, the lower intensity of the
white line for annealing TiO2 implies the lower oxidation state of Ti as compared to
TiO2-P, suggesting the coordination number of interface Ti atoms is reduced after
annealing. Further Fourier transform (FT) of extended XAFS (FT-EXAFS) and
corresponding least-squares EXAFS fitting in k space and R space were carried out to
obtain quantitative structural parameters of the Ti atoms in the TiO2 samples. The
EXAFS fitting parameters are listed in Table S6-2, and the fitting curves are depicted
in Figure 6-3e to 6-3g and Figure S6-6 to S6-8. The k space and R space best fitting
curves matched well with the experimental results. A main peak can be observed at
around 1.50, corresponding to the Ti-O scattering path (Figure 6-3e, and Figure S6-6 to
S6-8). Meanwhile, the EXAFS fitting parameters shown in Table S6-2 indicate that the
coordination number is decreased with the increase of the annealing temperature, and
the optimized geometric configuration for interfacial Ti atoms in TiO2-400 was
determined to possess a coordination number of 4 (Figure 6-3f), confirming the

existence of four-coordinated Ti.

Nitrogen adsorption desorption isotherms were also used to measure the surface areas
and pore size distributions of as-obtained TiO2, shown in Figure 6-3h and 6-3i. It can
be seen that the specific surface area of the material did not change significantly after
annealing (Figure 6-3h and Table S6-1). However, the porosity has changed. Figure 6-
3i demonstrates that, with the increase of annealing temperature, the pore volume of
micropores decreased and transformed to mesoporous. These results indicate that
annealed TiO2 samples are not in favor of hydrogen storage via physisorption, due to

the reduction of micropore volume.

We further conducted the hydrogen adsorption test to evaluate the hydrogen storage
performance of the synthesized TiOz. Figure 6-3j presents the hydrogen adsorption

curves of TiO2-P and TiO2-x from 0 to 1 bar. Obviously, different from the prediction
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from the BET results, the annealed TiO: exhibits an increased hydrogen adsorption
capacity as compared to TiO2-P. In addition, the hydrogen capacity adsorbed is
increased with the annealing temperature. The TiO2-400 shows the highest hydrogen
adsorption amount of 10 cm?®/g, which is about 5 times higher than that of TiO>-P.
Combining the BET results, we conclude that the defective TiO2 does not rely on the
conventional physisorption to storage hydrogen. Moreover, the revisable desorption
indicates that the adsorbed hydrogen is not stored in the form of strong dissociative
chemisorption. Note that, the annealing process only changes the coordination number
of the surface titanium atoms by creating O-vacancy. Therefore, the significantly
increased hydrogen capacity is ascribed to the increased affinity of the low-coordinated
interfacial Ti atom (LC-T1) to hydrogen molecules. Besides, the lower the coordination

number, the stronger the interaction between Ti atom and hydrogen molecules.
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Figure 6-4. (a-c) Structural model of hydrogen adsorbed onto Ti atom with different
coordination. (d-f) Crystal orbital Hamilton population (COHP) charts of H2 adsorbed
onto 5c-Ti, 4c-Ti and 2¢-Ti, respectively. (g-1) The charge densities of H2 adsorbed onto
5¢-Ti, 4c-Ti and 2¢-Ti, respectively. Yellow and cyan color represents the accumulation

and depletion of charge density.

To get insight to the adsorption behavior of hydrogen molecule, DFT calculations were
conducted to reveal the interactions between H2 molecules and interfacial Ti atoms.
Figure 6-4a to 6-4c display the adsorption configurations of hydrogen molecule on Ti
atoms with different coordination numbers, which represents three different hydrogen
uptake mechanisms. By regulating the coordination number of titanium atoms, the
transformation from the van der Waals interaction to strong chemical interaction is
successfully realized, indicating that titanium atoms with different coordination

numbers have different affinity for hydrogen.

Then, the crystal orbital Hamilton population (COHP) was employed to visualize and
analyze the bonding characters between hydrogen molecule and Ti atoms. Moreover,
the charge density difference of Ti and H> was further investigated separately to
distinguish the strength of the interaction. COHP is a partitioning of the band-structure
energy in terms of orbital-pair contributions. The bonding and antibonding interactions
typically appear as positive and negative COHP values, respectively. Generally, the
more bonding states occupied and the lower energy level the bonding states take, the
stronger the interaction will be. As shown in Figure 6-4d, below the Fermi level, the
bonding states at 5c-Ti site is located around -5 eV with a low population intensity. The
corresponding charge redistribution in Figure 6-4g shows that electrons concentrate
around H2 molecule while there is no obvious charge transferring between the surface
and Hz, suggesting the weak physical interaction between Hz and TiO2 surface. When
H2 molecule approaches 4cTi and 3c-Ti site, the COHP below the Fermi level is similar

to that at 5c-Ti site but shifts to lower energy level of -8.3 eV and with a higher intensity
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(Figure 6-4e and Figure S6-9), implying that the interactions are stronger than that of
5c¢-Ti. Such enhancement is also reflected by the charge redistribution, of which small
amount of electrons transfer from Ti to Hz (Figure 6-4h). It is noted that the hydrogen
adsorbed remains intact, suggesting a mediate binding strength. In contrast, there is
massive charge transferring from the surface to the Hz at 2¢-Ti (Figure 6-4f). As aresult,
the hydrogen molecule is dissociated into hydrogen atoms, displaying a strong
interaction between Hz and 2c¢-Ti site (Figure 6-4c). Accordingly, the COHP confirms
the massive bonding states occupied in 2¢c-Ti site (Figure 6-4i), reflecting the strong

chemical bonding characteristic.

6.3 Conclusions

To summarize, we have demonstrated a kind of defective TiO2 for hydrogen storage via
a defect engineering technique. By regulating the coordination of Ti atom, the hydrogen
storage fashion can be realized with the transformation from physical adsorption to
chemical adsorption. Differing from the weak physical adsorption and strong chemical
adsorption, Ti atom with certain coordination number can store hydrogen in a molecular
chemisorption manner. The new hydrogen adsorption method exhibits a significantly
enhanced adsorption energy to hydrogen compared with the physical adsorption,
enabling the hydrogen to be stored stably at room temperature. Accordingly, the TiO»-
400 shows the highest hydrogen uptake of 10 cm?/g, which is about 5 times higher than
that of the TiO2-P. Further DFT calculations indicate that the Ti atom with certain
coordination number can store hydrogen with moderate bond energy. While the lower
coordinated titanium atoms exhibit the feature of metallic titanium, which could
dissociate the molecule to form the strong chemical bond. This work will construct a

new conceptual paradigm in the solid-state hydrogen storage field.
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6.5 Supporting Information

——TiO,-P
—— Ti0,-200
—— Ti0,-300
—— Ti0,-400

(ahV)l/Z

25 3.0

Figure S6-1. Tauc plot constructed from UV—vis absorption spectra of (ahv)1/2
versus the energy of light.

Figure S6-2. SEM images of TiO2-P (a), TiO2-200 (b), TiO2-300 (c) and TiO2-400 (d),

respectively.
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Figure S6-4. (a) and (b) HAADF-STEM images of TiO2-P; (c)corresponding intensity
line profile extracted from HAADF-STEM image of TiO2-P in (b).
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Figure S6-5. XANES spectra of TiO2-P, TiO2-x (x=200, 300 and 400) and
corresponding references. Inset is the enlarged part of white lines corresponding to
TiO2-P and TiO2-x sample.
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Figure S6-6. The FT EXAFS fitting spectrum of TiO2-P at R-space (a) and k-space (b),
respectively.
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Figure S6-7. The FT EXAFS fitting spectrum of TiO2-200 at R-space (a) and k-space
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Figure S6-8. The FT EXAFS fitting spectrum of TiO2-300 at R-space (a) and k-space
(b), respectively.
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Figure S6-9. The charge densities (a) and Crystal orbital Hamilton population charts
(b) of H2 adsorbed onto 3c-Ti.

148



Table S6-1. BET surface area of TiO2-P and TiO2-x (x=200, 300 and 400) samples.

Samples TiO,-P TiO02-200 TiO02-300 TiO2-400

BET surface area (my/g) 80 91 92 88

Table S6-2. The EXAFS fitting parameters

Sample Paths Bond length (A) C.N. s?
P-TiO2 Ti-O1 1.96842 3.56 0.0011
Ti-O2 2.11385 1.8 0.0010
Ti-Ti 3.04002 2.8 0.0027
Ti-Ti 3.89306 3.2 0.0036
Ti02-200 Ti-Ol1 1.91364 2.94 0.0022
Ti-O2 2.11941 1.4 0.0030
Ti-Ti 3.03353 2.8 0.0035
Ti-Ti 3.88810 3.6 0.0053
Ti-02-300 Ti-O1 1.89280 1.98 0.0005
Ti-O2 2.06695 2.34 0.0050
Ti-Ti 3.04500 3.2 0.0041
Ti-Ti 3.87353 3.6 0.0061
Ti02-400 Ti-Ol1 1.91873 1.98 0.0005
Ti-O2 2.0657 1.8 0.0030
Ti-Ti 3.04464 3.2 0.0045
Ti-Ti 3.84201 3.2 0.0042
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Chapter 7. Isolated Ti atom grafting carbon

material for advanced hydrogen storage
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7.1 Introduction

Hydrogen features the cleaning, abundance, high-energy-density, and efficiency, which
is considered as the ideal energy carrier to reduce the dependence on or even to replace

(1.2] Due to the low-density nature of hydrogen gas at ambient

the current fossil energy
conditions, the secure and efficient hydrogen storage is extremely vital for the end usel®
4. Although decades of efforts have been devoted, the roadblocks to commercialize
hydrogen technology are still the hydrogen storage and delivery steps!™ ®l. Solid-state
storage via materials is considered as a promising solution because of its high
gravimetric/volumetric energy densities, and securityl’. However, the unfavorable
thermodynamics and/or sluggish kinetics during hydrogen adsorption/desorption

processes'®! as well as reversibility®! greatly restrict the practical use of solid-state

hydrogen storage materials.

Currently, the search and development for solid state materials with suitable hydrogen
storage properties is still the primary goal. Ideal hydrogen storage materials are
expected to have a moderate interaction with hydrogen, which enable the hydrogen to
be stored/released under moderate temperature and pressure. Previous designs and
modifications related to hydrogen storage materials mainly involve improving the weak

12-14]

nt* 1% 1 "or to decrease the strong atomic chemisorption!!?'4],

molecular physisorptio
which still unsatisfied for the practical applications. Our previous work has confirmed
that the low-coordinated Ti atoms on the surface of TiO2 can adsorb hydrogen molecule
via molecular chemisorption fashion. However, the adsorption sites are limited.
Grafting isolated Ti atoms onto carbon substrates is considered as an effective strategy,
and the corresponding hydrogen adsorption properties are also systematically
investigated. Chakraborty et al. reported an atomic titanium-decorated graphene for
high-capacity hydrogen storage via DFT simulations!'>]. The Ti atoms can be adsorbed
stably on the hollow site with a binding energy of 1.40 eV. It is found that the decorated
Ti atom can dramatically enhance the binding strength of molecular hydrogen to 0.23—

0.60 eV. These results indicate that construction of atomic metal sites onto carbon
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matrix can stand out as a promising and novel method for fabricating efficient hydrogen

storage materials.

Herein, we prepared an atomic Ti doped carbon nanomaterial via a simple high-energy
mechanochemical ball milling (HMBM) method. The HAADF-STEM images
demonstrate the homogeneously dispersed single Ti atoms onto carbon matrix. The
hydrogen adsorption tests confirmed that the introduction of isolated Ti atom can act as
the hydrogen adsorption stie, which can effectively increase the hydrogen uptake under
near ambient temperature. For Tii@CB-170, each Ti atom can adsorb up to two Ho
molecules under 50 bars, via a molecular chemisorption manner. This work will provide
valuable insight into designing and constructing hydrogen adsorption sites which

enable the hydrogen to be adsorbed stably under near room temperature.

7.2 Results and Discussion
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Figure 7-1. (a) XRD patterns of TiOPc, CB and as-prepared Tii@C-x (x=50, 100 and
170). (b) Raman spectra of CB and Tii@CB-170.

The atomic Ti doped carbon black (CB) samples were prepared via a high-energy
mechanochemical ball milling method. In brief, titanyl phthalocyanine (TiOPc) and

carbon black are selected as the Ti source and support matrix, respectively. Afterward,
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the high-energy ball milling was carried out under the Ar atmosphere to prepare the
atomically dispersed Ti atoms anchored on CB matrix (named as Tii@CB-x, x
represents the loading amount of TiOPc). It should be noted that the ball milled samples
have high activity and may spontaneously ignite when exposed to air. Therefore, all

samples are carefully collected and stored in a glove box filled with Ar gas.

The structure of the as-prepared Tii@CB samples was firstly investigated by X-ray
diffraction (XRD). The results are shown in Figure 7-1a. Obviously, the diffraction peak
of TiOPc disappeared after ball milling and no extra peaks can be observed, indicating
the successfully grafting of Ti atoms onto carbon matrix driven by the mechanical force.
The surface chemical structure of the atomic Ti doped CB nanomaterials was studied
using Raman spectroscopy. As shown in Figure 7-1b, the D peak observed at 1349 cm™!
for both CB and Tii@CB-170 indicate the existence of a large number of structural
defects!!®. Meanwhile, the ratios of In/Ig for Tii@CB-x (x=50, 100, 170) are relatively
high as compared to that of the CB (Figure 7-1b and Figure S7-1), implying that the

introduction of atomic Ti will generate more structural defects.
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Figure 7-2. (a to ¢) HRTEM images of Tui@C-50, Tii@C-100 and Tii@C-170,
respectively. (b) HAADF-STEM images of Tu@C-50, Tii@C-100 and Tui@C-170,

respectively. (¢) Corresponding EDS mapping of Tii@CB-170.

We then conducted the TEM characterizations, shown in Figure 7-2 (a to c¢). As can be
seen, no big particles or clusters can be observed, which is consistent with the XRD
results. Subsequently, the high-angle annular dark field—scanning TEM (HAADF-
STEM) with sub-angstrom resolution was conducted to probe the atomic dispersion of
individual Ti atoms (shown in Figure 7-2d to 7-2¢). It can be noticed that the bright
spots in the HAADF-STEM images correspond to isolated Ti atoms that are
homogeneously distributed throughout the entire CB matrix (Figure 7-2d, Figure S7-2
and S7-3). The results indicate the successful synthesis of individual Ti atom grafted

carbon material.
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Figure 7-3. (a) Survey scan XPS spectra of CB and Tui@CB-170. (b) Ti 2p high
resolution XPS spectrum of Tii@CB-170. (¢) Ols high resolution XPS spectrum of
Tii@CB-170. (d) Ti K-edge x-ray absorption near-edge structure (XANES) spectra of
Ti foil, Tii@CB-x, TiOPc, anatase TiOx.

The chemical states of Ti doped CB samples were investigated by the X-ray
photoelectron spectroscopy (XPS). As shown in Figure 7-3a and Figure S7-4, the
appearance of Ti and N peaks in the survey scan XPS spectra indicate that the TiOPc
molecules are successfully grafted onto CB matrix. The high-resolution spectra of these
peaks provided more details of the Ti doped CB samples. Figure 7-3b and Figure S7-5
present the Ti 2p high-resolution XPS spectra. The continuous enhancement of Ti peak
intensity indicates the increase of the Ti content. The total atomic Ti loadings in
Tii@CB-50, Tii@CB-100 and Tii@CB-170 are estimated by inductively coupled
plasma-atomic emission spectrometry (ICP-AES), and the results are given in Table S7-

1. The deconvoluted XPS spectrum of Tii@CB-170 in the region Ti 2p (Figure 7-3b)
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indicates the existence of two kinds of chemical bonds. The dominant peak at 459 eV
can be ascribed to Ti-O, while the peak at 458 eV is assigned to the Ti-NI!7- 181 O 15
high-resolution spectra were also analyzed for the CB and Tii@CB-170 samples.
Compared with CB, a new peak centered at 530.6 eV is observed (Figure 7-3¢ and
Figure S7-6), which is ascribed to the contribution of Ti-O!!® !°] in consistent with the
Ti 2p XPS results. The N 1s spectrum in Figure S7-7 also confirms the existence of Ti-
N positioned at 399.5eV [2% 211, Besides, the peaks of pyridinic N (398.5 eV)?! and
graphitic-N (400.8 eV) ?> 23 are also detected, indicating that the TiOPc molecules
were destroyed during HEME process and some N atoms have been transferred to CB
substrate. These XPS results reflect that the formation of individual Ti atom is via the
decomposition of TiOPc during HMBM and the reassembling of Ti atom with N and O
atoms, and the O atoms coordinated to Ti account for the majority of species in

Tii@CB-170 sample.

Additionally, X-ray absorption spectroscopy (XAS) was applied to investigate the local
structure and coordination information of Ti atoms in atomic Ti doped CB samples and
the standard samples (Ti foil, TiOPc, and anatase TiOz). The corresponding normalized
X-ray absorption near-edge structure (XANES) spectra are presented in Figure 7-3d.
Obviously, the absorption edge energy of Tii@CB is located between Ti foil and TiO2
and close to the TiOPc precursor, implying the similar local structure environment to
TiOPc. Moreover, the slightly higher oxidation state of Tii@CB samples compared to
TiOPc indicates that partial N atoms coordinated to Ti atom are substituted by O atoms
during ball milling, which is in line with the XPS results. The pre-edge of XANES
spectrum is also a “fingerprint” feature to reveal the structural changes. The XANES of
anatase TiO2 in Figure 7-3d displays an evident triple pre-edge feature before the main

o [19. 24

peak, which is assigned to the distorted TiO¢ configuratio 1. In contrast, the Ti

bond structure in the Tii@CB only presents a single pre-edge peak, indicating a typical
non-central symmetry feature !> 11,

The Fourier transform of extended XAFS (FT-EXAFS) is also conducted for the
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prepared samples, shown in Figure S7-8. The peaks associated with the Ti—Ti bond
around 2.5 A or 3.0 A present in TiO: or Ti foil are not detected in the Tii@CB samples,
indicating that the Ti atoms existed in the Tii@CB samples as individual atoms. The
main peaks for Tii@CB samples are centered between the Ti-O peak (TiO2) and Ti-
N/O (Ti), and the increase of titanium content will cause the main peaks to shift to the
Ti-O peak of TiO2. The results are in good agreement with the XPS analysis.
Considering the lower oxidation state of the Ti1@CB samples compared to that of TiOz,
we conclude that the single Ti atom in Ti1(@CB sample is 5-coordinates and coordinated

with both O atoms and N atoms.
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Figure 7-4. (a) Nitrogen adsorption desorption isotherms and (b) corresponding pore

size distribution of CB and Tii@CB-x. (¢) Hydrogen adsorption/desorption curves for
CB and Tii@CB-x samples at -20°C. (d) Hydrogen adsorption/desorption cycling

curves.
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The nitrogen adsorption/desorption isotherms measurements were conducted to study
the porosity of the as-prepared samples. As shown in Figure 7-4a, the CB and Ti1(@CB-
x (x=50, 100 and 170) display similar isotherm curves, and the detailed specific surface
areas of the samples are given in Table S7-2. It can be seen that the specific surface area
(SSA) of the samples did not change significantly. A steep enhancement of nitrogen
uptake in Figure 7-4a can be observed at a relatively low pressure (P/P0), which is
ascribed to the existence of micropores in the carbon matrix. Moreover, the isotherm
curves of atomic Ti doped carbon (Tii@CB-x) at low pressure are similar to that of CB,
illustrating the similar proportion of micropores. The pore size distribution (PSD)
curves are also analyzed and depicted in Figure 7-4b. Obviously, all the samples display
the similar pore size distribution. The results indicate that the introduction of TiOPc
during high-energy mechanochemical ball milling does not significantly change the

porosity of the as-prepared samples.

The hydrogen storage performance of the atomic Ti doped carbon nanomaterials was
evaluated via hydrogen adsorption/desorption tests. Figure 7-4c shows the hydrogen
adsorption/desorption curves of CB and Tii@CB-x from 0 to 60 bars. As can be seen,
the introduction of atomic Ti onto CB matrix can remarkably improve the hydrogen
storage capacity. The amount of hydrogen uptake is increased with the increase of the
loading amount of Ti atoms. The Ti1(@CB-170 exhibits the highest hydrogen adsorption
amount of 0.51 wt%, which is 1.65 times as that of CB. According to the BET analysis,
the atomic Ti doped CB samples have the same SSA and pore size, which demonstrate
that the hydrogen uptake of Tii@CB-x contributed by physisorption is same to that of
CB. Therefore, the increase of hydrogen uptake can be attributed to the isolated Ti
atoms on CB matrix, and the interactions between Ti atom and hydrogen molecule is
stronger than the physisorption. Besides, the linear relationship between the loading
amount of Ti atom and hydrogen absorption amount, further confirms that the atomic
Ti on the CB matrix acts as the hydrogen adsorption site. Moreover, the reversible

desorption performance in Figure 7-4c¢ also indicates the hydrogen uptake by the atomic
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Ti is not stored in form of strong dissociative chemisorption. We also probed the
relationships between the Ti content and hydrogen adsorption, shown Figure S7-9. It is
found that hydrogen uptake of each Ti atom increases with the increase of hydrogen
pressure, and up to two H2 molecules can be adsorbed on each Ti atom, which is twice
the amount of hydrogen absorbed by metal Ti. The maximum adsorption number (NVmax)
of H atoms for each isolated Ti atoms can be described by thel8-electron rule, Nmax =
(18 - nv - 5), where nv is the number of valence electrons of the Ti atom, and five is the

number of electrons contributed by the five coordination atom nearest to Ti [1% 25 26],

[27

According to the DFT calculations!?”], the 5-coordinates Ti can adsorb four intact

hydrogen molecules.

The hydrogen adsorption/desorption measurement is also repeated to evaluate the
stability of the Tii@CB-170. As shown in Figure 7-4d, the Tii@CB-170 exhibits good
cycling stability. After hydrogen adsorption/desorption test, the coordination
environment of Ti atom in Tii@CB-170 is also characterized by the XAS. Figure S7-
10 compared the XAS spectrum of the Tii@CB-170 before and after hydrogen
adsorption/desorption cycling test, the results indicate that the coordination structure

remains unchanged.

7.3 Conclusions

In summary, we applied a facile high-energy mechanochemical ball milling method
fabricated solid-state hydrogen storage materials with atomic Ti sites. The HADDF-
STEM images confirm the isolated Ti atoms confined into the CB matrix. Further XAS
characterizations imply that the atomic Ti is coordinated with both O and N atoms. The
hydrogen uptake tests suggest that the atomic Ti functions as the hydrogen adsorption
site, which can remarkably enhance the hydrogen storage capacity. It is found that the
interaction between hydrogen molecule and Ti atom is stronger than the physisorption,

which enable the hydrogen adsorbed stably under near room temperature. This work
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will pave a way toward the design and construction of solid-state materials with

abundant hydrogen adsorption sites for hydrogen storage at ambient temperatures.
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Figure S7-1. Raman spectra of Tii@CB-50 (a) and Tii@CB-100 (b), respectively.

Figure S7-2. EDS mapping of Tii@CB-50.
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Figure S7-4. Survey scan XPS spectra for Tii@CB-50 and Tii@CB-100, respectively.

165



Ti,@CB-100

Ti,@CB-50

Intensity (a.u.)

CB

472 468 464 460 456 452
Binding Energy (eV)

Figure S7-5. Ti 2p high-resolution XPS spectrum of CB, Tii@CB-50 and Ti1@CB-100.
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Figure S7-6. O 1s high-resolution XPS spectrum of CB.
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Figure S7-7. N 1s high-resolution XPS spectrum of Ti1@CB-170.
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Figure S7-8. Fourier-transformed EXAFS spectra of Tii@CB catalysts in comparison
with TiOPc, Ti foil and TiOx.
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Figure S7-9. Hydrogen adsorption of single Ti atom under hydrogen pressure.
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Figure S7-10. Ti K-edge X-ray absorption near-edge structure (XANES) spectra of
Ti1@CB-170 before and after H2 cycling test.
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Table S7-1. Elemental contents determined by ICP-AES for different samples.

Samples Tii@CB-50 Tii@CB-100 Tii@CB -170

Wt.% 0.497 1.17 1.98

Table S7-2. BET surface area of CB and Til@CB-x (x=50, 100 and 1700) samples.

Samples CB Ti@CB-50 Tii@CB- Tii@CB-170
100
BET surface area (m2/g) 347.8 331.1 344 .8 351.3
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Chapter 8. Conclusions and Perspectives
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8.1 Conclusions

In summary, this PhD project aims to design and fabricate efficient and inexpensive
AMS nanomaterials that are expected to create new knowledge of atomic interface
catalysis for hydrogen production and storage. From the studies presented in the thesis,

conclusions can be summarized as follows.

Firstly, a facile high-energy mechanochemical ball milling strategy is developed for
batch preparation of atomic Ru doped defective MoS: catalysts for hydrogen evolution.
The introduction of atomic Ru atom will generate a S vacancy. Such coordination
pattern could induce the asymmetrical transition of local electron structure, which could
efficiently accelerate water dissociation. The synergetic effect between single-atom Ru
sites and SVs demonstrates an excellent catalytic activity of the prepared catalyst. The
synthesized Rui@D-MoS:2 only requires a low overpotential of 107 mV in alkaline
electrolytes to deliver a current density of 10 mA cm™2. This disadvantage is that the

catalyst preparation still involves the use of noble metal Ru.

Secondly, to substitute the noble metal Ru, atomic Co is introduced to modify the
commercial MoS: via a simple mechanochemical strategy. Through ball milling with
CoO, the catalytic activity of the commercial bulk MoS2 can be modulated via
integrating the strain, heteroatom doping and particle sizes. The synthesized
Co,0@Mo0S2-0.4 demonstrated the highest HER activity, with a low overpotential of
94 mV at 10 mA cm™ under strong alkaline conditions. Moreover, the decent catalytic
stability under high-current density, low cost and excellent catalytic activity endow the

catalyst promising to be used in industrialized sustainable hydrogen production.

Thirdly, combining the experimental studies and DFT calculations, we investigated the
relationship between coordination number of Ti and hydrogen adsorption energy via a
defect engineering method. By regulating the coordination of Ti atoms, the hydrogen
storage fashion can be realized with the transformation from physical adsorption to
chemical adsorption. The four-coordinated Ti atoms on the surface of TiO2 possess

moderate adsorption energy to hydrogen, which can store hydrogen in a molecular
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chemisorption manner. Accordingly, the TiO2-400 displays the highest hydrogen uptake
of 10 cm®/g, which is about 5 times higher than that of the TiO>-P.

Lastly, to increase the hydrogen adsorption sites, the atomic Ti doped carbon substrate
was synthesized as solid-state hydrogen storage materials. Hydrogen uptake
performance tests indicate that the atomic Ti site functions as the hydrogen adsorption
site, which can remarkably enhance the hydrogen storage capacity. The interaction
between hydrogen molecule and Ti atom is stronger than the physisorption, which

enable the hydrogen adsorbed stable under near room temperature.

In this thesis, through designing and synthesizing AMS nanomaterials for the
application of hydrogen production and storage, we gain deep understandings of the
role of AMS in hydrogen production and storage, which will provide new approaches

for designing excellent HER catalysts and solid hydrogen storage materials in the future.

8.2 Recommendations for Future Work

Despite several achievements have been made to AMS nanomaterials in this project,
there remain several challenges need to be investigated and addressed, which deserve

continuous research attention.

(1) Though various methods have been developed to synthesize AMS nanomaterials,
the density of AMS is low, which greatly limits the efficiency of AMS nanomaterials.
Therefore, it is desirable to develop new methods for the batch preparation of AMS
nanomaterials with high density of AMS. In addition, the stability of the configuration

of AMS during long-term operation under harsh reaction conditions cannot be ignored.

(2) The efficiency of AMS nanomaterials greatly depends on the coordination structure
of atomic metal sites. Rationally designing and regulating the coordination structure is
vital for a specific application. Currently, it is still an obstacle to precisely fabricate
AMS nanomaterials with specific coordination structures. Therefore, new synthetic

strategies should be developed to precisely control the configuration of AMS.
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(3) Previous DFT calculations have indicated the great potential of AMS nanomaterials
for hydrogen storage. The research work in this thesis is only a preliminary exploration.
There are still many scientific problems to be solved and studied, such as the influence
of metal species, coordination environment, and substrates on hydrogen storage.
Furthermore, accurate theoretical calculations combined with matching adsorption
models should be provided to explore the critical interactions. Meanwhile, advanced
in-situ characterization tools (e.g., neutron diffraction, nuclear magnetic resonance
(NMR) and in-situ XAS) should be applied for interpreting the hydrogen adsorption

behaviors.
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