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Abstract

Abstract

Monolayer two-dimensional (2D) materials have been regarded as a hot topic in
the fields of condensed matter physics, materials science, and chemistry due to their
unique physical, chemical, and electronic properties. However, the research on the
preparation method and properties understanding of the 2D monolayer are
inadequate. In this dissertation, taking 2D nickel-iron layered double hydroxides (NiFe
LDHs) and molybdenum disulfide (MoSz) as examples, the practicability of the direct
synthesis of NiFe LDHs monolayer and the thermal enhancement -catalytic
performance of 2D MoS; monolayer (MoS; ML) are discussed. First, a one-pot
synthetic strategy (bottom-up method) is presented to synthesize 2D NiFe-based LDHs
monolayers, including NiFe, Co-, Ru-, doped and Au modified NiFe LDHs. The
prerequisite and universality of this strategy are investigated and confirmed. The
features of LDHs are characterized by advanced technologies. The obtained LDH bulks
own a large interlayer spacing up to 8.2 A, which can be facilely exfoliated into
monolayers in water by hand-shaking within 10 s. As a result, the as-prepared NiFe-
based LDH monolayers display a good electrocatalytic oxygen evolution reaction (OER)
performance. This facile strategy paves the way for designing easily exfoliated LDHs for
highly active catalysts and energy conversion devices based on other monolayer
LDHs.[!l Second, with gold-modified tape, 2D MoS2 ML is exfoliated from the bulk
crystal through a micromechanical exfoliation method (top-down strategy). The
thermal effects of MoS; ML are confirmed by Raman and photoluminescence (PL)
spectra. Moreover, an on-chip MoS; ML hydrogen evolution reaction (HER) reactor is
designed and fabricated. The thermal effects generate efficient electron transfer in the
MoS, ML and at the electrolyte-catalyst (MoS, ML) interface, leading to an enhanced
HER performance. Compared to the results obtained at room temperature, the MoS;
ML shows a direct thermal enhanced HER performance at higher temperatures. 2 In
summary, the findings and understandings, the direct synthesis and direct thermal
enhancement catalytic performance, of 2D monolayers offer a guideline for

synthesizing and catalyst application of other 2D monolayers.
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double hydroxides; (b) Direct thermal enhancement of HER of on-chip MoS, ML
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1. Introduction

1.Introduction

In this section, first, the background of energy conversion, such as water splitting, is
presented based on two-dimensional (2D) monolayer materials. Next, the motivation
and goals of this dissertation that two kinds of 2D monolayer materials were studied:
2D NiFe LDHs monolayer through a bottom-up synthesis and 2D MoS,; ML through a
top-down strategy, respectively. Advanced technologies are also introduced for
measuring and evaluating the 2D monolayers. Finally, the outline and structure of the

dissertation are presented.

1.1. Research background

With the increasing concern regarding environmental pollution and energy security
related to the decreasing availability of fossil fuels, the pursuit of clean and renewable
energy sources has become one of the greatest challenges for the sustainable
development of society.[*3 The research and development of clean energy are of vital
importance in the coming decades. Core to this development is the need for advanced
energy conversion technologies, such as water splitting (H20 (I) > H2 (g) + % 02 (g)),
which has been considered to be a clean, efficient, and sustainable strategy to replace
fossil fuels.[* 51 However, the sluggish kinetics of the multi-electron transfer in the
OER/HER process limit the performance of corresponding energy devices.[®!
Conventionally, the sluggish kinetics of the chemical reactions that take place in these
devices can be reduced by the commercial catalysts based on precious metals such as
Pt, Ir, and Ru, which suffer from poor stability and high cost, greatly prohibiting their
large-scale application.® 7 8 |n addition, the reaction mechanisms of the related
reactions are still unclear and in some cases, even the general enhancement methods
are not sufficient. Thus, it has become a significant endeavor in clean energy research
of developing high-performance, low-cost non-precious metal catalysts alternatives

and of exploring the possible enhancement method to understand the mechanisms.

Page | 7



Two-dimensional (2D) Monolayer Materials: Exfoliation, Characterization, and Application

On the other hand, with the discovery of graphene,® 2D materials with atomic
thickness have emerged as one of the most promising candidates in the fields of
condensed matter physics, materials science, and chemistry due to their unique
physical, chemical, and electronic properties.[19-12l Recently, new 2D materials and
their derivatives have been applied as electrocatalysts because of their 2D structure
and specific electronic structure.l>1% The 2D bulk materials show very low catalytic
performance because of the limited active sites.®! Various optimization protocols have
been developed to prepare efficient electrocatalysts by increasing the active site
number through exfoliating the 2D bulk into monolayer or few-layer nanosheets.[16-18l
Therefore, 2D monolayer electrocatalyst is one of the possible options to develop high-

performance and low-cost alternatives to clean and sustainable energy.

1.2. Motivation and goals

As a result, these anisotropic 2D materials hold great potential for the design of high-
performance electrocatalysts,*®! and provide an ideal platform to reveal the reaction
mechanisms on 2D monolayers, such as field-effect, photoelectrical, and magnetic
enhancement methods.[?%?4 To break the van der Waals interaction of 2D materials
between the layers, many methods were developed.[?>?°! Taking LDHs, which were
recognized as one of the most promising catalysts for OER,3%-321 3s an example, the
monolayer can be fabricated by ion-exchange exfoliation,[> 3339 [iquid-phase
exfoliation,!% acid/alkali solution etching,* 42l water-plasma etching,*3! and argon-
plasma etching*¥ methods. However, the exfoliation processes are usually complex,
multi-step, labor-intensive, and time-consuming with low yields and throughputs, and
they may not be scalable for industrial applications.[?® 45471 Therefore, it is urgent to
develop a one-pot method for synthesizing 2D LDHs with large interlayer spacing,

which can be directly exfoliated into monolayers.

The first goal of this dissertation is to present a one-pot method to synthesize 2D NiFe
LDHs monolayers. This method may lay a good foundation for later large-scale

production of 2D LDHs monolayers for high-performance and low-cost non-precious
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1. Introduction

metal catalysts. The key synthetic aspects, such as the prerequisite for the formation
of easily exfoliated LDHs and the universality of the synthesis strategy, will be
discussed. The structure of NiFe LDHs will be investigated by advanced
characterization methods, including scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), X-
ray diffraction (XRD), Raman spectroscopy, Fourier-transform infrared spectroscopy
(FTIR) and atomic force microscopy (AFM). Moreover, the OER performance of the
NiFe LDHs monolayers will be evaluated to investigate the potential application for
energy conversion. However, the obtained 2D NiFe LDHs monolayer is not an ideal
platform to reveal the reaction mechanisms because of the random distribution and

uncontrollable size of the monolayers.

With the rapid development of various catalysts, there seems a bottleneck for the
probing mechanism of reactions and enhancing methods of catalysts. The second goal
of this dissertation is to reveal the possible reaction mechanisms/enhancement
method on 2D monolayer materials. In this section, a 2D MoS; ML with a large size has
been exfoliated through a mechanical method with gold tape. The 2D MoS,; ML will be
investigated by Raman, photoluminescence (PL) spectroscopy, and XPS. The laser-
induced thermal effects of MoS; ML will be investigated by Raman and PL spectra.
Then, an on-chip MoS; ML microelectrode will be fabricated with photolithography
and e-beam deposition methods. Lastly, the relationship between HER performance

and the temperature of the on-chip MoS; ML will be presented.

In short, the goal of this dissertation is to make a thorough inquiry into 2D monolayer
materials by bottom-up and top-down exfoliation methods. At first, a strategy to
synthesize 2D NiFe LDHs with large interlayer spacing, which can be directly exfoliated
into monolayer nanosheets, is provided (bottom-up synthesis). Then, MoS,; ML with a
large size is exfoliated from the bulk (top-down exfoliation). The OER performance of

NiFe LDHs and the thermal enhanced HER performance of MoS; ML are discussed.
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Future opportunities and challenges in terms of both fundamental understanding and

applications based on 2D monolayer materials will be presented.

1.3. Structure of the dissertation

The dissertation starts with a brief introduction to exfoliation, characterization, and
applications of 2D materials. Subsequently, the background of OER/HER
electrocatalysts based on 2D monolayers is summarized. Then, the exfoliation process,
characterization, and electrocatalytic application based on the exfoliated 2D
monolayer are discussed. Finally, the experimental results, conclusions, and potential
applications of two kinds of 2D monolayers are presented. The detailed structure of

the dissertation is listed as follows.

Chapter 1 introduces the research background, motivation, and goals of this
dissertation based on 2D monolayer materials for energy conversion, and the outline

of the dissertation.

Chapter 2 gives an overview of 2D materials, exfoliation of 2D materials, sustainable
energy future and electrocatalysts for sustainable energy, the principle of water
splitting, and the possible reaction pathway of OER/HER. The features of the 2D
monolayer are summarized. The research background of 2D electrocatalysts for
sustainable energy is investigated, especially, the 2D NiFe LDHs for OER and on-chip

2D MoS; ML for HER.

Chapter 3 introduces the overall experimental methods employed in this dissertation.
The raw materials, experimental methods, characterization methods, device
fabrication, and electrochemical characterization are listed for both 2D NiFe LDHs and

2D MoSa.

Chapter 4 presents the results of both physicochemical properties and their potential
electrocatalytic application of 2D NiFe LDHs and MoS; monolayers. In the first section,

a bottom-up synthesis method is reported to prepare easily exfoliated 2D NiFe LDHs
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1. Introduction

and the efficient OER catalytic performance of the NiFe LDHs monolayer is described.
Then, by combining the microfabrication and chemical process, the relation between
HER performance and the temperature of MoS; ML is disentangled in the second

section.

Chapter 5 concludes the whole work in this dissertation and presents new

opportunities for future works based on 2D monolayer materials.

The List of Figures and Tables, List of Abbreviations, Bibliography, Acknowledgements,

Publications, Curriculum Vitae, and Declaration of Independence are listed at last.
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2. Fundamentals

This chapter provides the fundamentals of the dissertation, including the 2D materials
family, exfoliation, characterization, and applications of the 2D monolayers. First, the
types, the exfoliation methods/strategies, characterization, and applications of 2D
materials are summarized. Then, the future of sustainable energy, the key role of
electrocatalysts for sustainable energy, and the principle of water splitting are
discussed. Afterward, the research background and the possible reaction pathway for
OER based on NiFe LDHs are discussed. Finally, the background and prospects of 2D
materials for HER based on on-chip 2D MoS; are summarized. The details are listed

bellows.

2.1. 2D materials family

As previously mentioned, 2D materials have expanded rapidly since the discovery of
graphene in 2004 because of their unusual electronic, mechanical, and optical
properties, which have led to their extensive study over the past decades for diverse
applications. Generally, 2D layered materials, in contrast to thin films, form strong
chemical bonds in-plane but weak van der Waals interactions out-of-plane.[2> 4853
There are many types of 2D materials, which can be grouped into diverse families,
such as the graphene family, 2D chalcogenides, 2D halides, and 2D oxide/hydroxides
family.[??! As displayed in Figure 2. 1, a variety of 2D materials have been successively
isolated, including graphene,® hexagonal boron nitride (h-BN),[*¥ transition metal
dichalcogenides (TMDs, e.g. Mo0S>),!*>! metal phosphorous trichalcogenides (MX3 and
MPXs),56] metal halides (MX2, MXs, MXa, MXs, and MXe),!*”) metal oxides (such as
V205,581 Mo03,P%1 and peroviskites(®), hexagonal structures of group IlI-VI
monochalcogenides (such as InSe and GaS),®! clays,®? LDHs,[®3 and metal carbides
and nitrides (MXenes).[®* 83 Although many layered materials exist, all 2D materials

share a planar and therefore the 2D materials own the potential characteristic to be
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exfoliated into nanosheets, even monolayers, which will yield new and novel

properties that radically differ from their bulk counterparts.
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Figure 2. 1 Structure of 2D materials family: atomic structure of top and side view for
different types.[??!

2.2. Exfoliation of 2D materials

Ultrathin 2D nanosheets are attracting great interest and several methods have been
developed to exfoliate 2D bulk into monolayers. After exfoliation, the 2D nanosheets,
especially, the monolayer, can be micrometers wide but less than a nanometer thick,
leading to an extremely high aspect ratio of the nanosheets. The confinement of the
exfoliated 2D nanosheets leads to unique optical and electrical properties. There is no

doubt that the exfoliation and reconstruction of 2D multifunctional composites play a

Page | 13



Two-dimensional (2D) Monolayer Materials: Exfoliation, Characterization, and Application

large role in the future, which will be used for large-scale applications of flexible
electronics,[® ®7 supercapacitors,!®® and catalysts.[®® For instance, more and more
new types of 2D multifunctional composites will be developed with enhanced
mechanical, electrical, and barrier properties. The 2D layered materials will appear as
electrodes or active elements in devices such as displays, dielectrics, optoelectronics,
and transistors. Particularly, the 2D materials also can be used as high-performance
electrocatalysts and core platforms to understand the catalytic reaction mechanism

for energy conversion, which will be discussed in this dissertation.

Top-down exfoliation

Bottom-up synthesis

-

Mechanical exfoliation

~

Highest quality but lowest efficiency
Tape In vapor
N Transfer CVD/MBE
- - -
>\‘-—’ —> \‘ = \ —> \‘
Substrate
2D
Monolayers o
Liquid-phase growth
. Mass production but low quality
Intercalation », SONICation e In'solution v grothermal
; ) L — — -
S > == < — ¢

Qc_ris}éls

Figure 2. 2 Schematic illustrations of typical 2D monolayer synthesis methods. (a) Top-
down strategies for the exfoliation of 2D bulk layered crystals through mechanical
cleavage and ion-exchange exfoliation methods. (b) Bottom-up synthesis of 2D

monolayers using liquid-phase growth or epitaxial growth methods.

In general, as illustrated in Figure 2. 2, the exfoliation methods of 2D materials can be
categorized into two groups. First, in a top-down manner, the 2D monolayer can be
obtained directly by the delamination of bulk crystals through mechanical cleavage or
ion-exchange exfoliation methods (Figure 2. 2a). Moreover, the 2D monolayer can be
prepared by using liquid-phase growth or epitaxial growth methods in a bottom-up
manner (Figure 2. 2b). For instance, to date, many strategies have been developed to
construct 2D MoS; monolayers, including mechanical exfoliation,?8 7%79 |iquid-phase
exfoliation,!1& 26 29, 45, 80-83] chemijcal vapor deposition (CVD),[3*%¢! molecular-beam
epitaxy (MBE),®7 88 and hydrothermal/solvothermal methods.8>°1 The mechanical

exfoliation and epitaxial growth methods can provide 2D monolayers with high quality
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2. Fundamentals

and large size, while it is hard to obtain an ordered and isolated monolayer by the
liquid-phase exfoliation and hydrothermal/solvothermal methods. In comparison, the
mechanical exfoliation method remains the source of the highest-quality 2D
monolayers, but it suffers from a low yield and production rate, which is not
technologically scalable in its current form. On contrary, the liquid-phase exfoliation
method gives large quantities of dispersed nanosheets, but the as-prepared
nanosheets are uncontrolled in size and quality. Compare to the hydrothermal or
solvothermal methods, the epitaxial growth method is one of the most efficient
methods to grow 2D monolayers of large size and high quality. Different methods are
appropriate for different objectives, e.g. the liquid-phase exfoliation and
hydrothermal/solvothermal methods are suitable for large-scale applications, while
the mechanical exfoliation/epitaxial growth of 2D monolayers with the highest quality,

providing a platform for relevant basic research.

2.3. Characterization and applications of 2D monolayer

In the following part, in general, the advanced characterization methods and
applications will be discussed for the 2D monolayers. With the rapid development of
nanoscience and nanotechnology, some powerful and useful characterization
technologies have been adopted for characterizing 2D monolayers, including the
composition, size, thickness, crystallinity, crystal phase, electronic states, oxidation
states, or defects.[’?l Advanced characterization technologies, such as optical
microscopy, SEM, TEM, scanning transmission electron microscopy (STEM), scanning
probe microscopy (SPM), AFM, Raman, PL, and XPS, have been widely used for
distinguishing ultrathin 2D monolayers. Optical microscopy, SEM, and TEM give the
morphology or crystal structure information of the ultrathin 2D monolayers. The STEM,
SPM, and AFM show the geometric features of 2D monolayers, such as the size,
thickness, or defects.[?> 93 94 The Raman and PL spectra are powerful tools to
investigate the optical properties of 2D monolayers,®>*71 which give the absorption,

scattering, and nonlinear effect information after a light-matter interaction at atomic
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scales. XPS is an efficient technology used to determine the chemical composition and
electronic states of the 2D nanosheets.[?? 261 Besides, in light of recent advances, the
applications of 2D materials have become a worldwide investigated hot spot, including
electronics, flexible electronics, spintronics, optoelectronics, photodetectors, sensors,

energy conversion and storage, catalysis, etc.[?8-104

2.4. Sustainable energy and water splitting

Fossil fuels have formed the cornerstone of the global energy system, bringing
unprecedented economic growth and technological progress, powering the
industrialization of human society, but also causing serious environmental damages.
These damages are happening because large amounts of greenhouse gases are
released into the atmosphere from human activities worldwide, especially, the
combustion of fossil fuels. Energy is both the reason for the problems and the solution
to solve them. In essence, greenhouse gas emissions related to energy can be cut in
two ways. First, fossil fuels can be replaced by sustainable energy sources by opting
for cleaner energy sources. Second, the overall consumption of energy through energy
savings and energy efficiency gains, such as, by using greener transport modes. 105!
Simply, the future of sustainable energy is to improve the energy efficiency of human
activities by pursuing low-carbon energy solutions. One goal is to develop an
electrochemical conversion system that can convert molecules (e.g., water (H20),
carbon dioxide (COy), and nitrogen (N2)) into higher-value products (e.g., hydrogen,
hydrocarbons, oxygenates, and ammonia) by coupling to renewable energy.B! As
displayed in Figure 2. 3, a sustainable energy cycle contains three parts: source of
energy, conversion of energy, and storage or utilization of energy. In addition to using
solar, wind, and hydropower, the use of hydrogen produced by renewables in
combination with carbon capture and storage, which is also an effective route to
reduce greenhouse gas emissions. Moreover, energy conversion technologies, such as
electrochemistry and photoelectrochemistry, are critical for alleviating energy-related

greenhouse gas emissions. Electrocatalysts play a key role in these energy conversion
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technologies because they can increase the rate, efficiency, and selectivity of the
involved chemical transformations. However, the available electrocatalysts nowadays
are far from satisfactory. The grand challenge is to develop advanced electrocatalysts
with enhanced performance, enabling the widespread application of clean energy

technologies.

Biomass

Upgrading biomass

1

CH,0,

co an& co, |

hydrogenation

-

w®

g i
Battery-, fuel cell- or ; "

combustion-powered transportation Fuel storage Chemicals, materials

Figure 2. 3 Sustainable energy future. Schematic of a sustainable energy landscape

based on electrocatalysis.l’!

Over the past decades, substantial progress has been made in understanding several
key (photo)electrochemical transformations, such as electrochemical reduction of CO;
gas, electrochemical reduction of N, gas, and electrocatalytic splitting of liquid H;O.
That means, CO,, N2, and H,O can be transformed into hydrocarbon, ammonia, oxygen,
and hydrogen via electrochemical or (photo)electrochemical methods in a cell. One
core roles of those technologies is providing the appropriate electrocatalyst for clean
energy conversion. Electrocatalysis is one type of catalysis that can speed up the rate

of an electrochemical reaction occurring at the electrode-electrolyte interface.
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Electrocatalysis plays both the role of the electron donor/acceptor (electrode) and of
the catalyst, which will reduce the barrier of the transition state during the reaction
process. Generally, the goal of the catalyst design is to increase the number of active
sites and/or increase the intrinsic activity of each active site by designing a porous
structure, loading the catalyst onto a conductive supports, exposing high-efficient
catalyst crystal planes, and so on (Figure 2. 4).31 For example, as mentioned in Chapter
2.2, the exfoliation of 2D materials bulk into monolayers is one of the efficient ways

to increase the number of active sites.

Catalyst development strategies
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Performance
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Nanostructuring Supports Shape Polymorph Adsorbates Core-Shell

Figure 2. 4 Catalyst development strategies. Schematic of various catalyst
development strategies, which aim to increase the number of active sites and/or

increase the intrinsic activity of each active site.l’!

Numerous innovative ideas have been proposed for achieving more efficient energy
conversion, such as water splitting, in which the water molecules can be broken down
to generate oxygen and hydrogen under an applied potential (Figure 2. 5a). The
overall water splitting, which occurred at the electrified solid-liquid-gas three-phase

interface of the anode and the cathode, is described as follows:

H,O (I) — Hz(g)+% 02(g), 2-1
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Under standard conditions, an input activation energy of AG =-237.13 kJ/mol is
required to achieve electrochemical water splitting, which corresponds to a
thermodynamic voltage (E°) of 1.23 V (Figure 2. 5b).1'%! The core of water splitting
technologies is HER at the cathode and OER at the anode of an electrolytic cell thus
producing gaseous molecular hydrogen and oxygen, respectively.[*07. 1081 The Pourbaix
diagram in Figure 2. 5¢, also known as a potential/pH diagram, shows a plot of possible
thermodynamically stable phases concerning the reversible hydrogen electrode (RHE)
as calculated by the Nernst equation. In the Pourbaix diagram, the limits of stability of
water are marked by the two dark dashed lines, showing the stability region for water
between these lines. Under highly reducing conditions (bottom left in Figure 2. 5c),
the water will be reduced to form hydrogen gas. Correspondingly, under highly
oxidizing conditions (top right in Figure 2. 5c¢), water will be oxidized to form oxygen

gas.

Depending on the reaction conditions, the reaction can be expressed in different ways

(Figure 2. 5¢):

(a) in acidic solutions:

cathode: 2H* + 2e” <> Hs; anode: H,0 ¢ 2H" + % 03 + 2¢€7, 2-2

(b) in neutral solutions:

cathode: 2H,0 + 2e" ¢ H; + 20H"; anode: H20 ¢ 2H* + % 0, + 2¢7, 2-3

(c) in alkaline solutions:

cathode: 2H,0 + 2e ¢ H; + 20H"; anode: 20H ¢ H;0+ % 0, + 2¢7, 2-4

Usually, those reactions on both electrodes are reversible in fuel cells, where the
hydrogen oxidation reactions (HOR) and oxygen reduction reactions (ORR) convert
chemical energy into electrical energy. The fuel cell stacks generate the electricity that

powers the electric motor by using oxygen and hydrogen. Nevertheless, in practice,

Page | 19



Two-dimensional (2D) Monolayer Materials: Exfoliation, Characterization, and Application

more energy is required due to the kinetic barriers for both HER and OER, while loss

of energy will occur for HOR and ORR in fuel cells as seen in Figure 2. 5d.
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Figure 2. 5 Water splitting. (a) Schematic of water splitting. (b) The standard reaction
of water splitting. AG represents activation energy, n = 2 for 2 electron transfer in the
reaction and F = 96485.3329 s-A/mol (Faraday constant). E° denotes the standard
reversible electrode potential of water splitting. (c) Pourbaix diagram of water. (d)
Representative polarization curves of OER, ORR, HOR, and HER.['%°! (e) Generalized
polarization curve for an electrochemical power conversion device with multiple

sources of overpotential.[*10

The difference between the applied potential (E) and thermodynamic voltage (E°) is
recognized as overpotential (n). The overpotential (1) is mainly used to overcome the
intrinsic activation barriers present on both anode (n.) and cathode (n.), as well as
some other resistances (Nother),!! which come from thermodynamics, charge transfer,
ohmic contacts and even concentration overpotentials (Figure 2. 5e).[11% |t is seen that
reduction of the overpotentials by suitable methods is the central issue to make the
water splitting reaction efficient. The n, and nc have to be minimized by highly active
catalysts, such as precious-metal-based catalytic materials, for instance, commercial

platinum on carbon (Pt/C)111% 1121 or |r0,133] for the HER and OER, respectively.
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However, the high prices of these materials hinder their larger-scale applications.
Indeed, Nother can be reduced by optimizing the design of the electrolytic cell.[!4
Therefore, it is of great importance to develop highly active and earth-abundant

catalysts to facilitate sustainable energy production.t- 2> 115, 116]

2.5. 2D electrocatalyst for water splitting

In recent years, the 2D ultrathin layered materials have shown great application
prospects in energy conversion for sustainable energy as electrocatalysts.!'1-13 15] First,
2D atomic crystals are of considerable merits for heterogeneous electrocatalysts
because of their unique structural, physical, chemical, and electronic properties.
These advantages can be attributed to the anisotropy property introduced by strong
covalent bonds extending through the plane whereas weak van der Waals interactions
exist between layers, compared to their bulk counterparts and other nanomaterials.[*>
151 Second, the motivation to study and develop 2D electrocatalysts is that they are
typically inexpensive, which makes them be ragarded as the most promising
candidates as replacements for precious-metal-based electrocatalysts (such as Pt, Ir,
and Ru).BL 1171181 Thijrd, 2D atom-level framework provides an ideal platform for the
exploration of catalytic active sites from both theoretical and experimental
perspectives.l!% 120l Representative 2D materials that exhibit extraordinary properties
in the area of water splitting, e.g., include graphene,[*2!l graphitic carbon nitride (g-
C3Ny),[122124] hexagonal boron nitride (h-BN),[*2%! and black phosphorus (BP),[126: 127]
transition metal dichalcogenides (TMDs),2% 69 1281 | DHs 1107, 1291 |gyered transition
metal carbides and nitrides (MXenes),!?* 130 131 gnd  metal-organic
frameworks/covalent-organic frameworks (MOFs/COFs).[1321341 Cyrrently, 2D NiFe
LDHs and 2D MoS; are the most common 2D materials in research for oxygen and

hydrogen evolution, respectively.
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Figure 2. 6. Schematic structural configurations of 2D LDHs and TMDs. (a) The idealized
structure of carbonate-intercalated LDHs with different M?*/M3* molar ratios shows
the metal hydroxide octahedrons stacked along the crystallographic c-axis, as well as
water and anions present in the interlayer region.[*3°! (b) Structural polymorphs of bulk
TMDs with 1T, 2H, and 3R phases structure.[13¢

The typical structures of LDHs and TMDs are displayed in Figure 2. 6. LDHs are
composed of positively brucite-like layers, possessing octahedral MQOg units in a
stacked conformation, balanced by negatively charged anions along with structural
water within the interlayer (Figure 2. 6a). TMDs are represented in MX; stoichiometry
formula where M represents a transition metal belonging to groups IVB-VIIIB and X is
a chalcogen from group VIA (S, Se, Te). TMDs exhibit a variety of structural
polymorphs: trigonal (1T), hexagonal (2H), and rhombohedral (3R) forms (Figure 2. 6b).
The polymorphs are determined by the different chalcogen and transition metal
atoms, while the polytypes are determined by the stacking order of two or more

individual triatomic layers with the same symmetry. In short, from those two examples,
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it can be seen that the features of 2D materials have strong covalent bonds within the
plane extended through the atoms whereas weak van der Waals interactions exist
between layers. The stacked 2D materials have a limited number of active sites and
the plane of 2D materials are usually inert. In order to improve the energy conversion
efficiency, the 2D materials can be exfoliated into monolayers by increasing the
number of active sites, and also the intrinsic activity of the inert 2D planes can be

activated.

2.6. Oxygen evolution reaction

The OER, half-reaction of the water splitting (Equ. 2-1), is a four electron-proton
coupled reaction, which involves several surface-adsorbed multiple intermediates, the
binding energies of which are strongly correlated and cannot be decoupled easily
because of a universal scaling relationship.l2! As shown in Figure 2. 7a, the OER can
proceed either by a direct combination of two adsorbed oxygen (O(q)) to produce O;
(light green route) or by a formation of the OOHq) intermediate after multi-steps
(black route). It is consisting of a series of consecutive reaction steps for the multi-
electron reaction intermediate pathways, which can be either electron transfer steps
or chemical steps, such as association/dissociation reactions. The OER can occur with
different routes depending on the reaction media (acidic/alkaline conditions in Figure
2. 7a) and the specific catalyst used, but most of them involve adsorption/desorption
of the oxo, peroxide, and superoxide intermediates (O(d), OOH(ad), OO(aq)). The overall
OER reaction in acid and alkaline electrolytes is usually different as shown in Figure 2.

7a:
Acid medium: 2 H,O (I) — 4H* (l) + 4e” + 02 (g), 2-5
Alkaline medium: 4 OH™ () — 2 H,0 (I) + 4e” + 02 (g), 2-6
Lots of research groups have proposed the possible OER mechanisms in acid and

alkaline mediums.[? > 123,137, 138] pyring the OER process, all the bonding interactions
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within the intermediates (O(d), OOH(ad), OO(aq)) are crucial to determining the overall

electrocatalytic performance.
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Figure 2. 7 (a) The OER mechanism for acid (blue line) and alkaline (red line)
conditions.[?l The black line indicates that the oxygen evolution involves the formation
of a peroxide (OOHq)) intermediate (black line) while another route for the direct
reaction of two adjacent oxo (O(aq)) intermediates (light green line) to produce oxygen
is possible as well. (b) Gibbs free energy of reactive species and intermediates
(horizontal lines) of the OER versus the reaction coordinate at three different electrode
potentials.[3% (c) The thermodynamic overpotential associated with elementary steps
of the OER and the total energy of adsorption at the reversible electrode potential on
a real and ideal catalyst surface. AG; denotes the free reaction energy of the two
elementary reactions steps and the order is AGz > AG1= AG2 > AG4.*3%] (d) OER volcano

plot for metal oxides.?!

The sign of AG, free reaction energy, indicates the direction of a chemical reaction and
determines if a reaction is spontaneous or not. AG=0: the system is at equilibrium and

there is no net change either in the forward or reverse direction. If AG > 0, the reaction
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is nonspontaneous and external energy is crucial for the reaction to begin. On the
contrary, if AG < 0, the reaction is spontaneous and happens without any external
energy. Figure 2. 7b shows the free energy diagram for the real and ideal catalyst of
reversible oxygen-involving reactions (OER/ORR) at various electrode potentials (E1,
E,, and E3).[13%1 At electrode potential Ey, all are uphill for either steps and hence OER
can not proceed (AG; > 0). At the reversible potential of E;, AGs, which is the
thermochemically least favorable step for the real catalyst for the formation of the
peroxide intermediate, remains positive, hindering the OER. At the electrode potential
Es, all AG; shows negative, provided the kinetic limitations are negligible and the OER
can occur. Thus, the AGs is the rate-determining step, which is the formation of the
OOH(q) state. Figure 2. 7c shows the linear relations between the negative
thermodynamic overpotential for all four elementary steps on a real and ideal catalyst
surface. This phenomenon reflects the Sabatier principle,[**? which is a general
explanatory paradigm in electrocatalysis. According to this principle, the ideal catalyst
should bind the reaction intermediates not too weakly or too strongly. Thus, the
overall maximum free energy difference can be lowered, and the reaction kinetics can
be faster by mediating the strength of adsorption of reaction intermediates. If the
binding energy of the active site to oxygen is too weak, the activity is limited by proton-
electron transfer to O(ad) or OH(ag). On the other hand, if the binding energy is too
strong, the activity is limited by proton-electron transfer to Ozad) (associative
mechanism) or by splitting of the O-O bond in O3 (dissociative mechanism). Figure 2.
7d summarizes the most efficient electrocatalyst for OER from the reported results by
Jaramillo’s group.B! The most efficient electrocatalysts for the OER are generally based
on metal oxides and hydroxides. Volcano plots for the OER have been constructed for
a wide variety of metal oxide surfaces, especially the non-precious metals, Fe, Ni, Co,

W, Mo, and its complex, which is cheap and highly efficient for the reaction.[*4!
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2.7. Background of 2D NiFe LDHs for OER

The OER has been extensively studied in the past decades, and various catalysts have
been designed to improve the OER kinetics under different electrolyte environments.
To the best of our knowledge, as mentioned in Chapter 2.6, the mechanism of water
oxidation usually follows the rule of 4-electron transfer steps from the theoretical
research.[*7.139. 142l Researchers need more in-situ techniques to monitor and confirm
the reaction pathway of the OER.[143: 144 As mentioned, transition metal oxides or
hydroxides (e.g., NiFe LDHs) have been employed for almost all of the electrocatalytic
OER processes.[63 107, 1451511 However, most pristine LDHs exhibit unsatisfactory
performance compared to benchmark electrocatalysts due to their limited activity and
poor conductivity. As summarized in Figure 2. 8, there are four strategies to enhance
the OER activity of 2D NiFe LDHs, including synthesize of nanocarbon/LDHs mixtures,
synthesize LDHs with controllable structures, synthesize multi-metal LDHs, and
exfoliate the LDHs bulk into monolayers. First, the combination of LDHs with
conducting materials, e.g., carbon nanomaterials, have shown to be a promising way
of overcoming their inherently poor electrical conductivity ability. The nanocarbon,
such as graphene and carbon nanotubes, were induced in the LDHs system by in-
situl’2 or self-assembly!33 methods. When used as current carriers, graphene and
carbon nanotubes increased the conductivity of the LDHs and led to an OER
performance enhancement. More importantly, it was found that the combination of
coupling the LDHs with carbon supports and defect engineering can trigger the
synergistic effects which can greatly improve OER performance.38! Second, for the
intrinsic activity of each active site, the higher index surfaces have higher OER activity
than the natural (001) facet following density functional theory (DFT) calculations, 3%
129,153, 1541 which means designing and synthesizing the catalyst with special crystal
planes is an effective way to improve the OER activity. It was found that the LDHs with
controllable structures, more edges, show better conductivity, and enhanced
electrocatalytic activity toward oxygen evolution.[’>> 130 Besides, the strategies for

inducing the oxygen vacancy!**’! and forming single-atom catalysts in LDHs 153 159 gre
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feasible ways to further boost the OER performance. So, the third way is presented
that the OER performance of the LDHs is improved after doping!*®® and
modification.[> This is due to the leaching of heterogeneous atoms, which resulted
in the formation of a local charge field, modulation of the electron structure of the
nanosheets, and reduction of reaction activation barrier, leading to a higher OER

activity of LDHs.[16% 162]
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Figure 2. 8 Strategies to enhance the OER activity based on 2D NiFe LDHs by
synthesizing controllable structures (hierarchical®® or ultrafinel**®l structure);
synthesizing nanocarbon/LDHs (in-situl*>? or self-assembly*3] methods); synthesizing
mutil-metal LDHs (doping!*®®! and gold modification*>°) and exfoliation of LDHs (ion

exchangel™ or etching-assisted3 methods).

Apart from improving the conductivity and intrinsic activity of each active site of LDHs,
exfoliation is another efficient method to enhance the OER by increasing the number
of active sites.> 1% A series of ultrathin monolayer or few-layer LDH nanosheets were
successfully synthesized from the exfoliation of bulk LDHs. For example, Song et al.
reported that monolayer LDHs have superior OER performance in alkaline media
compared to bulk LDHs.[*®) The monolayer nanosheets exhibited significantly higher
OER catalytic activity compared to their bulk phases, owing to their increased number
of active sites and improved electronic conductivity. The exfoliation process can be

carried out by ion exchange,*® 3339 |iquid phase,*?! acid/alkali solution etching, 4% 42
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water-plasma etching,!*3 and argon-plasma etching[*¥ methods. Comparisons of the
reported exfoliated methods and their trials to exfoliate LDHs are exceptionally
laudable, yet typically labor-intensive and time-consuming, toxic, and suffering from
strong adsorption of solvent molecules on the surface of the as-exfoliated LDH

nanosheets.

In general, the LDHs can be prepared directly by electrodeposition,i3% 163, 164]
coprecipitation, 6> 1681 or hydrothermal method!1? 152, 160, 167, 1681 jn 3 mixed metal salts
solution. Compare to electrodeposition and co-precipitation methods, the
hydrothermal method has the following advantages for research, e.g., one-step
synthetic procedure, environmental friendliness, good repeatability, and
controllability. The hydrothermal method was used to synthesize the LDHs in a Teflon-
lined stainless-steel autoclave with precursors containing mixed metal salts and
hydrolysis reagents. Urea,!!> 159 160, 189 dimethylformamide (DMF),[170 171l
hexamethylenetetramine (HMT),13% 104 1721 formamide,!*°® 1731 and even 2-mercapto-
5-nitrobenzimidazole (MNBI)B3% were typical hydrolysis reagents used. As summarized
in Table 1, the reported recipes are almost similar. The NiFe LDHs can be obtained
through the hydrothermal method by using the urea at 120 °C or by using HMT at a
lower temperature (90-100 °C), respectively. The obtained samples usually have LDHs
structure with a CO3* as intercalated anions, which own a small interlayer spacing.
The LDHs monolayers can be obtained after suffering from the complex processes
mentioned before. For example, it was found that several inorganic anions, such as
NOs™ and ClOq4, are effective to replace the CO3% anions in LDH layered bulk crystals
during the ion exchange process, leading to an efficient exfoliation of the bulk into
monolayers.[®?> 174 However, there are few researches focused on the possible effect
of the hydrolysis agents on the LDHs during the hydrothermal process, such as the
interlayer spacing changing of the LDHs. In this dissertation, one of the goals is to
present a strategy to prepare 2D NiFe LDHs, with a large interlayer spacing, which can

be directly exfoliated into monolayers. The possible effect of hydrolysis agents on the
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LDHs will be discussed, including, the interlayer spacing changing of structure, the

prerequisite of synthesis, and the universality of the strategy.

Table 1 A summary of NiFe-based LDHs prepared through the hydrothermal method
by using urea, HMT, and formamide as hydrolysis agents. M1/M; represents the ratio
of divalent to trivalent metal ions. NH3/M represents molar ratio of ammonium ion to
metal ions.

NO. Catalyst Recipes Conditions M1/M; Hydrolysis NHz/M Ref
1 NiFe 1 mmol Ni(NOs); and
. 120°C12h 1:1 Urea 5 [169]
LDH/Ni

1 mmol Fe(NOs)3

NiFeRu 0.3 mmol
2 . . 120°C12h 1:1 Urea 6.667 [160]
LDH/Ni Ni(NOs)2:6H20, 0.24
mmol Fe(NO3)2:9H,0,

0.06 mmol RuCls-xH.0

NiFe 0.66 mmol NiCl,:6H,0

3 X 120°C12h 2:1 Urea 20 [175]
LDH/Ni 0.33 mmol FeCl3-9H,0
foam and 10 mmol CO(NH.),

0.6 mmol NiCl,-6H20,

4 NiFeV LDH 120°C12h 3:1 Urea 10 [176]
0.1 mmol FeCls-6H-0,

and 0.1 mmol VCl3

NiFe 0.5 mmol
5 X . 120°C12h 1:1 Urea 10 [177,
LDH/Ni Ni(NOs)2:6H20, 0.5
foam mmol Fe(NOs)s3-9H,0, 178]

and 5 mmol CO(NHz),

0.25 mmol
6 NiFe LDH 120°C10h 3:1 Urea 2.5 [167]
Fe(NOs)2:6H20, 0.75
mmol Ni(NOs).-6H.0,
and 1.25 mmol

CO(NH2)2

0.75 mmol
7 NiFe LDH . 120°C10h 5:1 Urea 2 [179]
Ni(NOs)2:6H20, 0.15
mmol Fe(NOs)s-9H:0,
and 1.8 mmol of

CO(NHa2);

0.29 g Ni(NOs),-6H-0,

8 NiFe LDH 120°C10h 1:1 Urea 5 [168]
0.4 g Fe(NOs3)3-9H:0,

and 0.6 g CO(NH.),
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735.0 mg
9 NiFe LDH . 100°C10h 3:1 Urea 100 [180]

Ni(NOs)2.6H.0, 340.0
mg Fe(NOs)3.9H,0,and

9.0 g urea

75 umol FeCl,-4H0,

10 NiFe LDH 120°Cé6h 3:1 Urea 13.33 [181]
225 pmol

Ni(NOs)2:6H.0

15 mmol
11 NiFe LDH . 150 °C 2 days 3:1 Urea 1.325 [19]
Ni(NOs)2.6H:0, and
5mmol Fe(NOs)3.9H20,
7 mmol urea and 12.5

mmol triethanolamine

0.5 mmol

12 NiFe LDH ) 120°C12 h 1:1 Urea 5 [182]
Ni(NO3)2.6H20, 0.5

mmol Fe(NOs)3.9H0,

and 2.5 mmol urea

0.075 mmol
13 NiFeCr LDH 120°Cé6h 2:1 Urea 5 [183]
FeCl»-4H,0, 0.225
mmol Ni(NOs),:6H-0,
0.0375 mmol
Cr(NOs)3-9H0, 1.688

mmol urea

0.9 mmol NiCl,-6H.0

14 NiAl LDH 180°C24 h 3:1 Urea 5.333 [184]
and 0.3 mmol

AlCl5-6H20

10 mmol NiCl2-6H:20, 5

15 CoAl LDH 190°C48h 2:1 Urea 2 [34]
mmol AIClz3-6H20, and

15 mmol urea

0.77 mmol
16 NiFe . 120°C6h 7:1 Urea 9.1 [159]

Ni(NOs)2:6H20, 0.11
mmol Fe(NOs)3-9H:0,
4 mmol urea and 1.6

mmol NHsF

0.15 mmol

17 ZnNiFe X 120°C24h 4:1 Urea 5.28 [185]

Ni(NOs)2:6H20, 0.05

mmol Fe(NO3)3-9H,0
and 0.05 mmol

Zn(NOs3)2-6H.0, 0.66

mmol urea in 80mL

H20
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0.75 mmol,
18 NiFe LDH . 120°C12h 3:1 Urea 10 [172]

Ni(NOs3)-6H-0, 0.25
mmol Fe(NOs)3-9H:0,

and 5 mmol urea

0.4 mmol FeCl; and

19 FeNi LDH . 150°C24 h 1.2:1 Urea 4.6667 [38]
1.2 mmol NiCl,

0.75 mmol
20 NiFe LDH . 140°C4h 3:1 Urea 6 [186]
Ni(NOs)2:6H20, 0.25
mmol Fe(NOs)s-4H:0,
3 mmol urea, and 3
mmol NH4F
2:1
7.5 mmol NiCl; 6H,0

21 NiFe LDH Refluxed 6h 3:1 HMT 8 [39]
and FeClz 4H:0, 60
4:1
mmol HMT

0.5 mmol NiCl,-6H0,

22 NiMn LDH 90°C4h 2:1 HMT 23 [187]

0.25mmol MnCl-4H,0
H202 (30 wt%, 56.6
uL), 1.5 mmol NaCl,

and 4.5 mmol HMT

37.5mM
23 NiFe LDH . 80°C 3:1 Formamide 2.31 [156,
Ni(NOs)2:6H20, 12.5
mM Fe(NOs)3:9H.0, 188]
and 20 mL of 23 vol.%

formamide

2.8. Features of 2D monolayer

2D LDHs monolayers have attracted tremendous research interest since their widely
applications. Most notably, LDHs monolayers are expected to serve as highly efficient
OER electrocatalysts due to an increase of active sites number.[*>2 Similarly, all 2D
monolayers have peculiar features, such as anisotropy, ultra thinness, layer-
dependency property, and so on. The surface atoms of 2D monolayers are almost
completely exposed, and the atom utilization efficiency is greatly improved compared
with bulk materials. The 2D monolayer can be chemically inert, or it can be chemically
modified at any time. For instance, the band structure and electrical properties of

graphene can be easily regulated by thickness control and element doping.[18%-191]
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To sum up, there are three main advantages of the 2D monolayers: (1), the catalytic
and electrical properties can be easily tuned by elements doping or chemical
modification; (2), the electron transfer is efficient and more sensitive to the external
field, which is beneficial to improve the performance of electronic devices and
investigate the intrinsic property; (3), highly flexibility and transparency, attractive

prospects in wearable smart devices, energy conversion/storage, and other fields.

2.9. Hydrogen evolution reaction

Hydrogen is an ideal energy carrier and an important industrial feedstock for
petroleum refining, fertilizer industry, and future transport (such as automotive
applications).[**?! |t can be effectively produced through HER of water splitting. As
shown in Figure 2. 9a, the HER is a two-electron three-step transfer reaction with a
catalytic intermediate in an acidic, neutral or alkaline medium. For example, in acidic
medium, two types of possible pathways have been proposed for transforming
protons into hydrogen (2H* + 2e — H3), namely, the Volmer-Heyrovsky or the

Volmer-Tafel mechanism (Figure 2. 9a):
Volmer step: H + e +* - Hag*, 2 -7
Heyrovsky step: Hag®* + H* + e > Hy +%,2 -8
Tafel step: 2Hag™ > H2 +2%,2-9

The asterisk (*) denotes an active site on the catalyst surface and Hag* indicates a
hydrogen atom adsorbed on an active site. These two pathways have the same start,
that is the electrochemical hydrogen adsorption step (Volmer step, Equ. 2 - 7), in
which an electron transfer to the electrode is coupled to proton adsorption on an
empty active site of the electrode to yield an absorbed hydrogen atom (Hag™*).
Subsequently, the molecular hydrogen (H2) formation will be produced via the
Heyrovsky reaction (Equ. 2 - 8) or the Tafel reaction (Equ. 2 - 9) depending on H*

surface coverage.['%3 If the coverage of H* is low, a solvated proton from the solution
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reacts with the adsorbed hydrogen (Ha¢*) and an electron simultaneously to form H;
through the Volmer-Heyrovsky mechanism (Equ. 2 - 8). While according Volmer-Tafel
mechanism (Equ. 2 - 9), two adsorbed hydrogens (Ha.q*) intermediates tend to bond

together to form an H, molecule if the H* coverage is high.
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Figure 2. 9. Mechanisms and activity trend of HER catalysis. (a) The mechanism of
hydrogen evolution on the surface of an electrode in acidic solutions.['*8] Standard free
energy diagram for the (b) Volmer-Heyrovsky and (c) Volmer-Tafel route on Pt (111).1294
(d) Calculated free energy diagram for hydrogen evolution at a potential U = 0 relative
to the standard hydrogen electrode at pH = 0.122% (e) Exchange current density versus
MoS; edge length.'1%! (f) The Sabatier plot for HER catalysts shows the exchange
current densities plotted against the free energy of hydrogen adsorption for metals and

MoS;,.531

To present the possible reaction-rate limiting steps, the reaction free-energy diagrams
of HER were proposed from a theoretical perspective. Based on the three elementary
HER/HOR steps (Volmer-Heyrovsky/Volmer-Tafel) as well as the reactions barriers, the
standard free energy diagrams on Pt (111) were constructed under different applied
electrode potentials (Figure 2. 9b, c).['% The reaction barriers and the free energy
level of each reaction step are different in both Heyrovsky and Tafel steps, leading to
a different overall reaction rate. With the development of computational methods and

technologies, theoretical calculations have the potential to provide more in-depth
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information on electrochemical processes.l® %] To explore the effects of various
materials on HER activity, the free energy diagrams for hydrogen evolution have been
constructed by computational calculations for metals (Au, Pt, Ni, and Mo) and MoS;
(Figure 2. 9d). From the calculated free energy diagram, the value of atomic hydrogen
bonding to the MoS; edge is close to Pt, raising the possibility of MoS; as a promising
HER electrocatalyst in theory. Moreover, the results have been supported by
experimental results confirming that the MoS; edge displays an excellent HER activity
(Figure 2. 9e, f).[11% 1% The current density increased with the MoS; edge length
(Figure 2. 9e). As summarized in Figure 2. 9f, compared to the precious metal, the
MoS; has a huge potential application for HER that a series of studies have been
conducted to enhance MoS;’s catalytic performance by creating more edge sites and

activating the basal plane.[69 118,197, 198]

2.10. Background of 2D MoS; monolayer for HER

2D TMDs electrocatalysts are recognized as greatly promising alternatives for noble-
metal-based catalysts (such as Pt) in HER.I'®®! As mentioned, the edge site activity of
2D MoS; for HER was first predicted by DFT calculation,[120:200, 2011 gnd then proven in
several experimental studies.!'! 202 However, such catalytic activity was shown to be
anisotropic, with the basal plane of the 2D MoS; nanosheet being relatively inert. The
activity of the 2D MoS; nanosheet can also be affected by phase engineering, 18 2031
vacancy,[1%8 2041 and strain engineering.[**8 In the past decades, significant progress
has been achieved and reviewed in TMDs for electrocatalytic hydrogen evolution:
MoS; and other TMDs,[295-2971 TMDs/compounds, 118 208 2091 T\ Ds nanomaterials, 106
108, 2101 3nd computational approaches.?'!l However, most of those studies were
focused on TMDs composites to improve the HER performance and its potential
application of sustainable energy, such as fuel cells.?!2l Fewer studies are focused on
2D MoS; monolayer for HER because not all laboratories can integrate materials,
electrochemistry, and microfabrication. Similar but different from the 2D NiFe LDHs,

as discussed in Chapter 2.2, MoS; bulk not only can be exfoliated into nanosheets in
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solvents,[2% 4> 80-82] (n_ByLj)!8 831 and tetraethylammonium bromide (THAB)?®! by
liquid-exfoliated methods, but also can be exfoliated through a micromechanical

cleavage with scotch tape,?® 70 711 |ayer-resolved splitting nickel,”? and gold tape.l”*

79]
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g e Grain boundaries
Edge / basal-plane sites B - )
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Figure 2. 10 On-chip MoS; HER reactors. Development history of on-chip
electrocatalytic microdevices. Strained sulphur vacancies,”®)! and edge-exposed
MoS,?9; field-tuned MoS2 nanosheets,?%3! field-tuned VSe, nanosheets,?*# and edge
and basal-plane sites?'>l; etched MoS, edge sites,[?¢! edge/basal plane sites,?!
electric field and photoelectrical effect,??7l 1T-MoS,/??; self-gating,/?* electrolyte
gating,?'8 anisotropic properties,’?*?! field-modulation,??° and single atomic vacancy
catalysisl?%%;  grain boundaries,”?Y  magnetic enhancement,???l and in-site

measurement.[223!

Compared to the exfoliated method of 2D TMDs nanosheets in liquid, the 2D TMDs
nanosheets, exfoliated with a micromechanical cleavage tape, usually have a large
area, high-quality, which can be used to fabricate on-chip reactors. These on-chip
reactors provide an ideal platform to demonstrate unique advantages in the direct
probing of many HER processes to obtain previously inaccessible information and to
investigate the catalytic property of the TMDs. Therefore, in subsequent research, the

structural advantages of this HER reactor model were constantly expanded and

Page | 35



Two-dimensional (2D) Monolayer Materials: Exfoliation, Characterization, and Application

enriched as a powerful tool to discover novel phenomena and clarify HER
fundamentals at the nanoscale. A brief overview of the TMDs electrocatalyst as on-
chip HER reactors is presented in Figure 2. 10. A series of on-chip HER reactors were
fabricated for exploring the electrocatalytic hydrogen evolution, involving edges/basal
plane activity,[2% 21,215, 216l yacancy catalysis activity,[1%% 294 phase engineering,?? grain
boundaries activity,[??!! the field-effect tunable catalytic activity,[?3 213, 214, 218, 220]
electric field and photoelectrical effect,?'”! anisotropic properties,?*° magnetic
enhancement,222l and in-site measurement.[223] All of the results confirm that the on-
chip TMDs HER reactors were ideal platforms for expanding the insight into
electrochemical processes.l??4 |n this dissertation, the temperature-dependent HER

property of on-chip monolayer MoS; will be investigated.
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3. Materials and methods

Based on the fundamentals mentioned in Chapter 2, the methods for preparation and
exfoliation of 2D materials will be presented here. In this Chapter, it will be given in
details, such as the preparation (synthesizing and exfoliation), characterization

(equipment), and application (electrochemical parameters) of 2D materials.

First, a new kind of NiFe LDHs with large interlayer spacing was synthesized through a
one-pot hydrothermal method (bottom-up synthesis in Figure 3. 1), and MoS, ML
were obtained directly through mechanical cleavage from the bulk crystals (top-down
exfoliation in Figure 2. 2). The electrodes were fabricated by using photolithography
(Figure 3. 2) and electron beam (e-beam) evaporation technologies (Figure 3. 3). Then,
in order to characterize the structure of the 2D bulk and exfoliated 2D nanosheets,
advanced characterization methods have been applied, including SEM, TEM, XPS, XRD,
Raman, PL, FT-IR, and AFM. Lastly, all the electrochemical tests were performed by an
electrochemical station (Metrohm Autolab) with a three-electrode system to evaluate
the OER/HER activity of the exfoliated 2D monolayer nanosheets. Electrode activity,
overpotential (n), Tafel slope (b), cyclic voltammetry (CV), geometric activity (j),
turnover frequency (TOF), electrochemical impedance spectroscopy (EIS), and stability

have been analyzed.
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3.1. Materials preparation and device fabrication

In this section, the original materials, the synthesis methods, and the exfoliation
process of 2D monolayers are listed and discussed. The electrodes were fabricated

with photolithography and e-beam evaporation technologies.
3.1.1. Materials

All chemicals were used as received without any further purification. All the reagents
were of analytical grade. All solutions were prepared with deionized (DI) water
(resistance 18.2 MQ-cm at 25°C) from a Millipore deionized water system.
Ni(NO3)2:6H20, Co(NO3)2:6H,0, Fe(NOs)3-9H,0, ruthenium(lll) chloride hydrate
(RuCl3-xH20), gold(lll) chloride trihydrate (HAuCls:3H,0), ruthenium oxide (RuO3),
potassium chloride (KCl) potassium iodide/iodide (KI/I2), hexamethylenetetramine
(HMT, CeH12Na), urea ((NH2)2CO), H,S04 and 5 wt% of Nafion solution were purchased
from Sigma-Aldrich. 2D MoS; crystals were purchased from SPI Supplies. Potassium
hydroxide (KOH), dimethyl sulfoxide (DMSOQO), acetone, and isopropanol were

purchased from VWR chemicals.
3.1.2. Synthesis of NiFe LDHs monolayer

The NiFe LDHs were synthesized through a one-pot hydrothermal method. The oven
and hydrothermal reactor are displayed in Figure 3. 1. In a typical procedure,
Ni(NO3)2-6H20, Fe(NOs)3-9H,0, and HMT were dissolved in DI water and processed by
ultrasound to form a clear solution. Then, the aqueous solution was transferred to a
Teflon-lined stainless-steel autoclave (Figure 3. 1b), which was sealed and maintained
at 95 °C for 24 hours in the oven (Figure 3. 1a). After naturally cooling to room
temperature, the NiFe LDHs were collected after centrifugation and washed
thoroughly with isopropanol 3 times. The NiFe LDHs can be directly exfoliated into
monolayers in DI water by shaking or through an ultrasonic process. The bulk NiFe

LDHs can be obtained after being dried in the oven at 60 °C (Figure 3. 1a).
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Locking screw Lockingrod  Sleeve body\\

PTFE chamber PTFE cover

Figure 3. 1 Scheme of the experimental (a) oven and (b) hydrothermal reactor used for
carrying out the NiFe LDHs. A hydrothermal reactor is mainly made up of two parts: an

outer high-quality stainless-steel jacket and an inner Teflon chamber.

3.1.3. Mechanical exfoliation of MoS, monolayer

The MoS; ML was mechanically exfoliated with a gold-modified tape.’>7%! In general,
a gold film (Au, 150 nm) was deposited onto an ultra-flat silicon substrate using a
template-stripping method.[??® The prepared gold layer was picked up with a thermal
release tape (TRT). Then, the TRT/Au tape was gently pressed onto a freshly cleaved
natural single-crystal bulk MoS; (SPI Supplies). The gold surface is attached to the
crystal surface. As the TRT/Au tape was lifted off the surface, the Au layer with a 2D
MoS; ML was obtained (TRT/Au/MoS; ML), and it was further transferred onto the
desired substrate, such as a silicon wafer (Si/SiO2) and a TRT/Au/MoS; ML/substrate
was obtained. The TRT was removed by heating at 120 °C for two minutes. The
substrate covered by the Au layer (Au/MoS, ML/substrate) was cleaned by O, plasma
to remove any remaining polymer residues. The Au layer was dissolved in a Kl/I, gold
etchant solution. The silicon wafer with MoS, ML (MoS; ML/substrate) was obtained
after being rinsed with DI water, isopropanol, and dried with N;. The MoS;
ML/substrate was annealed at 300 °C for 2 h with N, gas protection to increase the

adhesion force to the substrate.
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3.1.4. Photolithography

Substrates (e.g., Si/SiO2) were cleaned with immersion in DMSO, acetone, and
isopropyl alcohol; degassed on a hotplate (120 °C for 2 minutes), and the substrates
were cleaned in Oy plasma. In this work, several commercial photoresists were used.
First, an image reversal photoresist AZ5214E was spun onto the individual substrate
at 4500 rpm for one minute (thickness: 1.4 um). Soft baking at 90 °C for 4 minutes.
Patterning was performed by a mask less aligner (MLA100, Heidelberg Instruments
Mikrotechnik GmbH, Heidelberg, Germany). As illustrated in Figure 3. 2, after
patterning, the resist was inverted by a two-minute post-baking at 120 °C and flood
exposure. After the development procedure, its pattern has an undercut profile, which
enables the physically deposited nanomembrane to be easily lifted off from the
substrate (Figure 3. 2). Moreover, another kind of negative SU-8 photoresist, an epoxy
resin, and near-ultraviolet photoresist, is used. The new chemically amplified negative
image SU-8 photoresist overcomes the problem of the insufficient aspect ratio of
ordinary photoresists when using UV lithography and is very suitable for preparing
high aspect ratio microstructures. It has low light absorption in the range of near-
ultraviolet light (365 — 400 nm), and the exposure of the entire photoresist layer is
uniform. Thick film patterns can be obtained with vertical sidewalls, high aspect ratios,

good mechanical properties, chemical resistance, and thermal stability.

Positive resist Negative resist Image reversal resist

HHHHHN HEHH W
Exposure — —

Baking I / I
Flood
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| . w

undercut
Development . —

Figure 3. 2 Schematic of technologies of photolithography.
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3.1.5. Electron beam evaporation

Electron beam evaporation, also known as e-beam evaporation, is a mature
technology for preparing metal and metal oxide thin film. As shown in Figure 3. 3, the
e-beam evaporator usually consists of an electron source, a crystal detector (quartz
crystal microbalance (QCM) monitor), a sample holder with shutter, a crucible with a
target, and a water-cooling system (do not display). In the high vacuum (10 - 108
mbar) chamber, an electron beam can be generated by applying a high voltage in the
electron source which is then focused onto the target material in the crucible by using
a magnetic field. Thus, the thermally heated target material is evaporated onto the
top substrate in an atomic form. Simultaneously the thickness and deposition rate of
the thin film can be monitored by the frequency change in the crystal detector. In this
dissertation, e-beam evaporation (Edwards auto 500 FL500, England) was used for the

fabrication of the gold film and electrodes (e.g., Au, Cr/Au, Ti/Au, and Cr/Pt).

Shutter H—

—_—
QCM Vapor
monitor

Q Magnetic
field
®

Vacuum —_ e-bgam

pump —_—k crucible
Filament £ =
Accelerator

Figure 3. 3 Schematic of the electron beam evaporation system.
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3.2. Characterization methods

Different advanced equipments are briefly introduced in this section to check the
morphology, structure, structure evolution, chemical composition, element valences,

and even the geometry structure (e.g., thickness) of 2D materials.

3.2.1. Scanning electron microscopy

SEM is a precious tool for the analysis of the morphology from nanometer up to
micrometer. The morphology of all the products was observed by using a scanning
electron microscope (Zeiss DSM982, Gemini) equipped with a field-emission gun at 1
- 5 kV acceleration voltage. Energy-dispersive X-ray spectroscopy (EDS) analysis was
performed by an energy dispersive X-ray analysis (EDAX) Genesis instrument. The
popularity of SEM can be attributed to many factors: the versatility of its various
imaging modes, the excellent spatial resolution, the modest requirement on sample
preparation and condition, the relatively straightforward interpretation of the
acquired images, and the accessibility of associated spectroscopy and diffraction

technologies.

3.2.2. Transmission electron microscopy

TEM is also an electron microscope technology whereby a beam of electrons transmits
the thin samples and interacts with them, then an image is formed. Owing to the small
wavelength of the electrons, the TEM can provide images with higher resolution than
light microscopes for the analysis of the chemical composition, electronic structure,
crystal orientation, etc. In this dissertation, the obtained LDHs compounds have been
exfoliated easily down to monolayers regime as observed in the HRTEM images. Part
of the LDH compounds was grounded by using mortar and pestle and then was
dissolved in toluene to obtain the unexfoliated LDHs particles to investigate the crystal
structure in the compound. The LDHs nanoflakes for TEM characterizations were then

transferred to TEM lacey carbon Cu-grids using a standard pipette. Theoretical
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kinematic electron diffraction patterns were applied to index the corresponding
electron diffraction patterns. Selected area electron diffraction (SAED) on LDHs
nanoflakes was carried out in FEI Tecnai G2 transmission electron microscope
(ThermoFisher Comp., US) with LaB6 emitter operated at 200 kV acceleration voltage
to investigate the crystal phase of the samples before doing the HRTEM imaging for
the samples. The HRTEM imaging and SAED measurements were performed using a
double-corrected Titan3 80-300 instrument (FEI Company, USA). The flakes were
easily destroyed by the electron beam and therefore the HRTEM images were

acquired by using 80 kV acceleration voltage.

3.2.3. X-ray photoelectron spectroscopy

XPS is an efficient technology which always be used to determine the chemical
composition and element valences of the samples with a depth between 0 and 10 nm.
In this study, XPS spectra were acquired using a PHI-5000C ESCA system, the C1s value
was set at 284.8 eV for charge corrections. Thus, high-resolution XPS spectra were
obtained with a pass energy of 11.05 eV. The chemical composition and element
valences of NiFe LDHs were checked and confirmed. Moreover, the MoS; monolayer

on a silicon wafer was also characterized by this technology.

3.2.4. X-ray diffraction

XRD (Co Ka radiation (A = 1.7902 A), X'Pert PRO MPD, Philips) was used to check the
crystal structures, especially, for the interlayer spacing evolution of 2D NiFe LDHs
materials. The basal spacing value of the (003) and (006) reflections of NiFe LDHs is
calculated and shown further below. According to Bragg's law, which describes the

condition on 0 for constructive interference:

2dsinB6=nA, 3-1
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where d is the basal spacing, 0 is the glancing angle, n is a positive integer and A is the
wavelength of the incident wave. For the same reflections, the relationship between

the d and 6 should be:
2 disin 91 =2d;sin 92, 3-2

where d; and 61 are 0.78 and 0.39 nm, 13.257 and 26.742° for the (003) and (006)
reflections of NiFe LDHs (JCPDS 40-0215), respectively, from the database.*> 2261 For
instance, if the tested glancing angles of 8; are 12.5 and 25.5° for the samples. The
calculated results for d> are 0.82 and 0.41 nm for the (003) and (006) reflections,

respectively.

3.2.5. Raman and photoluminescence spectra

Raman spectroscopy is a method used to study the inelastic scattering of light on
matter. Monochromatic light, usually choose laser, is used to examine the matter in
Raman spectroscopy, giving access to information about modes of rotation, vibrations,
spin-flips, or phonons. Photoluminescence (PL) is light emission from any form of
matter after the absorption of photons (electromagnetic radiation). Following
excitation, various relaxation processes typically occur in which other photons are re-
radiated. First, Raman was used to identify the structure and structure evolution of
2D NiFe LDHs. Moreover, the Raman and PL spectra were used to identify the MoS;
monolayer.®® °7 Raman and PL spectra were carried out at room temperature, and
the signals were recorded by a LabRAM HR Evolution (Horiba) using a laser with an
excitation wavelength of 458 nm. A long working distance (LWD, 10.6 mm) with a 50x
objective was used, and the spot size of the laser beam was focused to 0.77 um. To
avoid any thermal effects, the power of the laser incident on the sample was almost 5
kW-cm2 for 2 seconds. The thermal effect of monolayer MoS; was recorded by
adjusting the radiation power from almost 5.4 to 5400 kW-cm with a filter (from 0.1

to 100 %).
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3.2.6. Fourier transform infrared spectroscopy

FT-IR spectroscopy was performed on a Bruker Optics ALPHA-E spectrometer with a

universal Zn-Se ATR (attenuated total reflection) accessory in the 400 — 4000 cm™.

3.2.7. Atomic force microscopy

AFM measurements were collected in a multimode atomic force microscope of Bruker
Dimension ICON3 System, using tapping mode in the air at room temperature.
Processing and analysis of the images were performed by using the NanoScope
Analysis software. In this dissertation, AFM is employed to reveal the topography
images of NiFe LDHs monolayer nanosheets, especially the direct evidence of the layer
thickness. The height of the NiFe LDHs monolayer nanosheets is around 0.8 nm. The
theoretical thickness of a single layer of metal hydroxide is almost 0.4 - 0.5 nm.[227]
The adsorption of the counter-anion layer, such as NOs’, on the sheet surface is

expected to be about 0.3 nm.
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3.3. Electrochemical characterization

The basic parameters of OER and HER will be discussed in this section. All of the
electrochemical tests were performed by an electrochemical station (Metrohm
Autolab) with a three-electrode system. A silver/silver chloride (Ag/AgCl, in saturated
KCl solution) electrode acts as the reference electrode (RE), Pt acts as the counter
electrode (CE), and the catalyst/gold electrode acts as the working electrode (WE).
During the rotating disk measurement, the catalyst/glassy carbon disk (GCE, 5 mm in
diameter) was used as the WE, while platinum foil and mercury/mercury(ll) oxide
(Hg/HgO) served as the CE and RE, respectively. All data were directly used with iR
compensation and all measured potential values were calibrated with RHE by using
the following equation: E (versus RHE, V) = E (Hg/HgO) + 0.098 + 0.059 * pH for
Hg/Hg0,??8 and E (versus RHE) = E (Ag/AgCl) + 0.197 + 0.059 * pH for Ag/AgCI.B% The
pH was calibrated to 13.6 for 1M KOH and 0.3 for 0.5 M H3504.3% 159 2291 | the
electrochemical half-cell, the concentrations of reactant and product can be linked by

the Nernst equation(?39;
oy RTy Coy o
E = E°+ 2 In(2Y), 3-3

where E° is the thermodynamic voltage of the reaction (also apply to the water
splitting in Chapter 2.4), R is the gas constant, T is the temperature, n is the electron
transfer number, F is the Faraday constant, and Co/C: is the concentration of
oxidized/reduced species in the system. To better evaluate and compare the catalytic
activity of OER/HER electrocatalysts, some important measurement criteria have been
established. The mostly used criteria are linear sweep voltammetry (LSV), exchange
current density (j), overpotential (7), Tafel slope (b), cyclic voltammetry (CV),
electrochemical double-layer capacitance (Cal), turnover frequency (TOF), and stability.
The j can be measured by recording the polarization curves and the Tafel slope can be
derived from the polarization curves. These parameters play a key role in obtaining an

insight into the mechanism of this electrocatalytic process.
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3.3.1. Total electrode activity

The performance of an electrocatalyst is usually evaluated by using two metrics:
apparent electrode activity and the intrinsic activity of each catalytic site, which
demonstrate the intrinsic activity of the catalyst.’! The exchange current of the
electrode obtained from LSV reflects the total electrode activity in the process of
OER/HER. LSV is a voltammetric method where the current at a WE is measured while
the potential between the WE and the RE is swept linearly in time. In this work, the
LSV was conducted with a scan rate of 5mV st in 1 M N;-saturated KOH for OER or in
0.5 M Np-saturated H,SO4 for HER. The magnitude of intercepts at 77 = 0 refers to
exchange current (i). For the apparent electrode activity (e.g., current density), it is
customary to divide exchange current (i) by the area of the electrode (A) (Equ. 3 - 4).
The exchange current (/) becomes the exchange current density (j). Higher exchange
current density is usually an indication of a better catalytic performance of
electrocatalyst for a target reaction. For the calculations of areal activity, reported

methods are followed,23% which can be expressed as,
j(mAcm?)=i/A,3-4

areal current density (mA.cm?) was calculated by normalizing the current at an
overpotential value. The amount of catalyst loadings is 6 and 30 ug for exfoliated LDHs

monolayer nanosheets and the LDHs or RuO; powder, respectively.

3.3.2. Overpotential

Overpotential (n) is another most important descriptor to evaluate the performance
of the electrocatalysts. In an ideal condition, the applied potential for driving a specific
reaction should be equal to the thermodynamic voltage. As discussed in Chapter 2.4,
in reality, the applied potential is commonly much higher or lower than that at

equilibrium to overcome the electrode kinetic barrier of the reaction.

E =E° + ), 3-5
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The n, as illustrated in Equ. 3-5 and Figure 2. 5d, is a difference between the applied
potential (E) and potential under thermodynamic voltage (E°). The different current
densities will be referred to as different n values. The n is commonly referred to as a
value that has been applied to achieve a specified current density, such as the n at a
benchmarking current of 10 mA cm is measured after normalization and reported as
one of the primary screening parameters. A lower overpotential of an electrocatalyst

in the system indicates its superior electrocatalytic ability for the target reaction.

3.3.3. Tafel equation

Tafel equation is an equation in electrochemical kinetics relating the rate of an

electrochemical reaction to the n,[*%3 which is logarithmically related to the j:

n=a+blogj, 3-6

where b is the Tafel slope. From the Tafel equation, two important parameters, b, and
j can be derived. The value of the b can be obtained by fitting with the Tafel equation,
which is the most common way to get this value. The b is generally related to the
catalytic mechanism of the electrode reaction, whereas j, which is obtained when n is
assumed to be zero, describes the intrinsic catalytic activity of the electrode material
under equilibrium conditions. A better catalytic material possesses a higher j and a
smaller b. A smaller value of the b means that increasing the same current density
required smaller overpotential, implying a faster charge transfer kinetic. This is the
reason why it is often used as a primary activity parameter in determining the catalytic

activity.

3.3.4. Cyclic voltammetry and double-layer capacitance

CV, a widely used potential-dynamic electrochemical technology, can be employed to
obtain qualitative and pseudo-quantitative data about electrochemical reactions
including electrochemical kinetics, reaction reversibility, reaction mechanisms,

electrocatalytic processes, and effects of electrode structures on these parameters.

Page | 48



3. Materials and methods

The principle of this technology is to measure the resulting current under a linear
voltage ramp to an electrode between two voltage limits. The electrochemical double-
layer capacitance (Cal), which is in proportion to the electrochemical active surface
area (ECSA), was calculated by measuring the CV curves in the range 1.15 - 1.25 vs RHE

without redox processes for NiFe LDHs.

3.3.5. Turnover frequency

TOF is defined as the number of reactants that a catalyst can convert to the desired
product per catalytic site per unit of time, exhibiting the intrinsic catalytic activity of
an active catalytic site. The TOF value of NiFe LDHs for OER was calculated from the
following equation!3® 3 (Equ. 3-7):

jrA
4xF+m’

TOF = 3-7

A is the area of the WE. F is the Faraday constant (96,485 C-mol?), 4 represents 4
electrons per Oz, and m is the moles of the active materials deposited on the WE. All
of the metal atoms in NiFe LDHs are regarded as the active sites, such as Ni, Fe, Co,
and Ru atoms, to give a conservative estimate of TOF. The TOF of the MoS, monolayer

for HER is calculated according to the following equation:
TOF = V&9 3¢
N 7

where g = 1.6x10*° C is the elementary charge, and 2 accounts for 2 H atoms per H;
molecule. To calculate the turnover frequency per surface Mo atom (TOFw,), the Mo
atom density (Nwmo) is estimated to be about 1x10% cm™ from the MoS; lattice

constant ~3.2 A.[198]
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3.3.6. Electrochemical impedance spectroscopy

EIS analysis was performed to study the interfacial properties between the
electrocatalysts (electrodes) and electrolytes. The measured impedances were
presented in the form of imaginary (/m) vs. real (Re) parts at various frequencies. The
high frequency interception of the Re-axis represents the resistance of the electrodes
and the width of the semicircle on the Re-axis corresponds to the charge-transfer
resistance (Rct), which indicates the overall kinetic effects. In this dissertation, the EIS
is recorded at an overpotential of 270 mV over the frequency range from 100 kHz to
0.01 Hz with a modulation amplitude of 10 mV in NiFe LDHs for OER. The Nyquist plots
were obtained at frequencies ranging from100 kHz to 0.1Hz at an overpotential of -

100 mV in MoS; monolyers for HER.

3.3.7. Stability measurement

The stabilities of catalysts are of crucial importance for practical applications,
especially considering that the OER/HER catalyst mostly works in a strongly
oxidative/reductive environment at the pH extremes. There are two methods for
characterizing the electrocatalytic stability of the catalysts. One approach is using a
chronopotentiometry (i.e., the j-t curve) method, thus, time-dependent current under
a constant potential measurement was employed to evaluate the long-term stability
of the system. The other method is to conduct the recycling experiment by performing
CV or LSV. After hundreds of CV cycling, the less the overpotential for the same current
increases, the better the stability of the electrocatalyst is. A current density of 10 mA
cm2 is often used in this kind of electrolysis because this value is the most frequently
used standard in HER electrocatalysis and solar fuel synthesis. The duration can last

from several to dozens of hours, and a longer duration means better stability.
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4.Experiments and results

This chapter presents the physical and chemical properties of 2D NiFe LDHs and MoS;

monolayers, and their potential electrocatalytic applications are also discussed.

In Chapter 4.1, a one-pot synthesis strategy (bottom-up synthesis) was proposed to
prepare the monolayer NiFe-based LDHs for water oxidation. The structures of LDHs
(include the initial and evolution of structure) are checked by advanced
characterization methods. The prerequisite to the formation and the universality of
this strategy are investigated and confirmed. The NiFe-based LDHs can be easily
exfoliated to monolayers in water. The OER performances of the bulk, commercial
Ru0O,, and exfoliated monolayers are discussed. As a result, the NiFe LDHs monolayer
nanosheets show a lower overpotential than that of the NiFe LDHs bulk counterpart
and commercial RuO;. This facile strategy paves the way to design directly exfoliated
NiFe-based LDHs for highly active catalysts, and even for energy conversion based on

2D LDHs composites.

In Chapter 4.2, a MoS, ML was exfoliated (top-down exfoliation) with a modified gold
tape. Then, an on-chip MoS; ML HER reactor is designed and fabricated by using
photolithography and e-beam deposition methods. The MoS, ML was checked by
Raman, PL, and XPS spectra. Finally, the relationship between HER performance and
the thermal effects of MoS, ML is revealed. The details of the exfoliation process,
thermal effects, and HER performance at different temperatures of the MoS; ML are
discussed. The thermal enhanced HER performance of MoS; ML was observed on an
on-chip device. This result offers a possible way to increase the catalytic performance

by evaluating the catalyst at higher-temperature conditions in the future.
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4.1. One-pot synthesis of nickel-iron layered double

hydroxides monolayer

This section reports the strategy to synthesize a series of 2D nickel-iron LDHs (NiFe
LDHs) through a one-pot hydrothermal method. The interlayer spacing of NiFe LDHs
can be adjusted by changing the hydrolysis agent (HMT vs. urea). Finally, a new nitrate-
intercalated NiFe LDHs was obtained via the one-pot synthesis way, which possesses
a large interlayer spacing, resulting in direct exfoliation of bulk into monolayers. The
universality of this strategy also allows the extension of NiFe LDHs to NiFe-based multi-
metal LDHs by doping or modification. As a result, the NiFe LDHs monolayer
nanosheets show better OER performance than that of the bulk counterpart. This
facile strategy paves the way to design NiFe-based LDHs monolayers for highly active
catalysts, and even for energy conversion based on 2D superlattices LDH-
multifunctional materials. The core part of this section has been published in
Advanced Materials Interfaces, 2022, 9, 2200973, DOI: 10.1002/admi.202200973,
titled: One-Pot Synthesis of Nitrate-Intercalated NiFe Layered Double Hydroxides with

an 8.2 A Interlayer Spacing.
4.1.1. Introduction

As discussed in Chapter 2.6, OER driven by renewable electricity is considered one of
the most promising solutions for the development of renewable energy conversion,
such as water splitting, regenerative fuel cells, and rechargeable metal-air
batteries.[14% 2311 Byt the OER efficiency is greatly restricted due to the sluggish kinetics
of four sequential proton-coupled electron transfer steps, requires conspicuous
overpotential (n).”2 371 To overcome this challenge, transition metal oxides or
hydroxides catalysts are proposed and regarded as promising candidates to accelate
this reaction rate because of their low cost, abundant resources, good chemical
stability, and high OER activity.[63 107, 149, 2321 And the poor catalytic activity and

sluggish kinetics originate from the lack of intimate interfacial interaction,
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consequently hindering further development of LDHs-based composites for energy
conversion and their practical application. Compared with the LDHs bulk materials, 13>
147,151, 168, 233-235] thin-layer or monolayer LDHs can boost the OER performance by
providing sufficient accessibility to redox-active sites.l'®! Typically, the exfoliation
(such as ion exchange exfoliation,*> 3339 [iquid-phase exfoliation,!*® and etching
exfoliation,!#144 2361 methods) of bulk LDHs, which are synthesized through
electrodeposition,3% 163 1641 coprecipitation,[16> 1661 or hydrothermal(t®: 152, 160, 167, 168]
methods, represents the typical approach to construct thin-layer LDHs. Taking the ion
exchange exfoliation method as an example, the anionic organic guests (such as amino
acids or surfactants) will be intercalated into the interlayer of LDHs, leading to formate
a loosely stacked and highly swollen phase, which can be dispersed in solvents
(formamide, butanol, etc.) with an assistance of mechanical cleavage or
ultrasonication.[3> 36 2371 Despite the great success, these exfoliation methods still
suffer from challenges of low sample quality (e.g., low crystallinity), lack of thickness
control, low purity caused by strongly adsorbed solvent molecules on the LDHs surface,
toxicity, labor-intensive, and so on.[1%® 173, 2381 Therefore, it is urgently required to

develop novel methods for facile synthesis of high-quality thin-layer LDHs.

As previously mentioned, the LDHs can be prepared via a facile hydrothermal method
by mixing metal salts and hydrolysis reagents together. The typical recipes were listed
in Table 1 in Chapter 2.7 and the scheme is shown in Figure 3. 1. For example, so-
called monolayer NiFe LDH nanosheets with small sizes can be prepared directly by
using formamide as the hydrolysis reagents,!*>® 173 while NiFe LDH/nanocarbon hybrid
can be synthesized in DMF with MNBI.[% Those instructive results indicate that the
hydrolysis reagents have a great effect on synthesizing of LDHs with different
morphologies. However, until now there are few studies related to the structure
changing (such as the interlayer spacing distances) of LDHs, based on hydrolysis
reagents, were reported. Herein, the interlayer spacing changing of NiFe LDHs will be
discussed by varying the hydrolysis reagents (HMT vs. urea) via a one-pot

hydrothermal reaction method.
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4.1.2. Fabrication of NiFe LDHs

The NiFe LDHs were synthesized through a one-pot hydrothermal reaction method. In
this procedure, metal salt (Ni(NOs3),:6H,0, Co(NOs3),:6H.0, Fe(NOs)3:9 H,0, or
RuCl3-xH20) and hydrolysis reagents (HMT/urea) were dissolved in DI water and
processed by ultrasonic treatment to form a clear solution. Then, the aqueous solution
was transferred to a Teflon-lined stainless-steel autoclave, which was sealed and
maintained in the oven with a specific temperature and time (Figure 3. 1). The details
of the fabrication recipe to prepare the NiFe LDHs were listed in Table 2 and described

as below.

Synthesis of NiFe LDHs (NiFe LDHs_NOs3): in the typical procedure, Ni(NOs),-6H,0 (12
mmol), Fe(NO3)3:9H,0 (4 mmol), and HMT (10 mmol) were dissolved in 30 mL of DI
water and aided by ultrasound to form a clear solution. Then, the agueous solution
was transferred to a 35 mL Teflon-lined stainless-steel autoclave, which was sealed
and maintained at 95 °C for 24 hours. After naturally cooling down to room
temperature, the NiFe LDHs were collected by centrifugation, and washed thoroughly
with isopropanol 3 times. Then, the monolayer NiFe LDHs nanosheets can be obtained
in DI water under a hand-shaking or ultrasonic treatment for a few seconds and the

NiFe LDHs bulk was obtained after being dried in the oven at 60 °C for 2 hours.

Synthesis of NiFe LDHs_X (X=0.75, 0.50, and 0.25, where X represents the percentage
of ammonium from HMT): NiFe LDHs with different interlayer distance were
synthesized by delicately varying hydrolysis reagent (the ratio of HMT to urea). In
order to keep the amount of added ammonium as a constant value, the hydrolysis
reagents are designed as are 7.5 mmol HMT and 5 mmol urea, 5 mmol HMT and 10
mmol urea, and 2.5 mmol HMT and 15 mmol urea for different samples, because of
one urea has two -NH; groups joined by a carbonyl (C=0) functional group, while the
HMT has four -NH2 groups. Then, the NiFe LDHs_X were synthesized with the same
process as NiFe LDHs, and the prepared samples were named as NiFe LDHs_0.75, NiFe

LDHs_0.50 and NiFe LDHs_0.25.
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Synthesis of NiFe LDHs_0 (NiFe LDHs_CO3?%): in this process, the HMT was replaced
by the urea completely, and the start materials, Ni(NO3);:6H,O (12 mmol),
Fe(NO3)3-9H,0 (4 mmol), and urea (20 mmol) were dissolved in 30 mL of DI water and
processed by ultrasound to form a clear solution. Then, the aqueous solution was
transferred to a 35 mL Teflon-lined stainless-steel autoclave, which was sealed and
maintained at a higher temperature of 120 °C for 24 hours. The products were

collected by centrifugation, washing, drying, and then labeled as NiFe LDHs_O.

Synthesis of NiFeCo, NiFeRu, NiFeCoRu, and NiFe/Au: The cobalt doped NiFe LDHs,
ruthenium doped NiFe LDHs, and cobalt, ruthenium co-doped NiFe LDHs were
synthesized by adding the cobalt (Co?*, 0.6 mM), ruthenium (Ru3*, 0.2 mM) and mix
salt (Co?*, 0.6 mM and Ru3*, 0.2 mM) into the precursors, respectively. Following the
same process as for the NiFe LDHs synthesis, we got the products named as NiFeCo,
NiFeRu, and NiFeCoRu. The NiFe/Au was prepared by dropping 10 ml (0.1 mg
HAuCls-3H;0) into 50 mL NiFe LDHs (2 mg/mL) solution and stirring for 12 hours. Then,
NiFe/Au was collected by centrifugation, washed thoroughly with isopropanol, and

the bulk NiFe/Au was obtained after being dried in the oven at 60 °C.

Preparation of catalyst ink of the NiFe-based LDHs nanosheets, NiFe LDHs_0 bulk,
and RuOz: The NiFe-based LDHs monolayers were obtained directly under a hand-
shaking or an ultrasonic treatment, the concentration was calibrated to 1 mg/mL. For
comparison, 5 mg NiFe LDHs_0 bulk (grounded into powder with a mortar) or a RuO;
(Sigma-Aldrich) powder was dispersed in 980 pL isopropanol containing 20 pL 5wt%
of Nafion solution (Sigma-Aldrich). The mixed solution was subsequently sonicated for
no less than 30 min, after which the catalyst ink was obtained (5 mg/mL). Less powder
loading (1 mg/mL) for both RuO; and the NiFe LDHs_bulk can not cover the electrode
well. On the contrary, the monolayer, which can cover the electrode very well at a
small amount of loading (1 mg/mL), will fall off from the gold electrode at a larger
amount of loading (5 mg/mL) because of the high current density and lots of H;

bubbles in a short time, leading to the data can not be collected completely.
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Table 2 The recipe of NiFe-based LDHs.

NO. Catalyst Recipes Conditions ~ M?*/M3* Hydrolysis

1 NiFe LDHs 12 mmol Ni(NOs)2:6H20), and 4 mmol

95°C 24 h 3:1 10 mmol HMT
Fe(NOs)3-9H.0

NiFe 12 mmol Ni(NOs)2:6H20), and 4 mmol
2 95°C12h 3:1 7.5 mmol HMT and
LDHs_0.75 Fe(NOs)3-9H,0
5 mmol urea
NiFe 12 mmol Ni(NOs)2:6H20), and 4 mmol
3 95°C12h 3:1 5 mmol HMT and 10
LDHs_0.50 Fe(NOs)3-9H.0
mmol urea

12 mmol Ni(NOs),:6H,0), and 4 mmol

4 NiFe 95°C12h 3:1 2.5 mmol HMT and
Fe(NOs)3-9H,0

LDHs_0.25 15 mmol urea

NiFe LDHs_0 12 mmol Ni(NOs)2:6H20), and 4 mmol

5 120°C24h 3:1 20 mmol urea
Fe(NOs)3-9H,0

NiFeCo LDHs 11.4 mmol Ni(NO3)2:6H20), 4 mmol

6 95°C24h 3:1 10 mmol HMT
Fe(NOs)3-9H.0, and 0.6 mmol

Co(NOs)2+6H20)

NiFeRu LDHs 12 mmol Ni(NOs):6H,0), 3.8 mmol
7 95°C24h 3:1 10 mmol HMT
Fe(NOs)3:9H:0, and 0.2 mmol
RUC|3'XH20
NiFeCoRu 11.4 mmol Ni(NOs).:6H,0), 3.8 mmol
8 95°C24h 3:1 10 mmol HMT
LDHs Fe(NOs3)3:9H20, 0.6 mmol

Co(NOs)2:6H20), and 0.2 mmol
RUC|3'XH20

NiFe/Au 10 ml (0.1 mg HAuCls-3H,0) into 50 mL
NiFe LDHs (2 mg/mL) solution and

stirring for 12 hours

NH3/M

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

Notes: M2*/M3* represents the ratio of divalent (Ni%*) to trivalent ((Fe3*)) metal ions.

M represents the sum of metal ions (Ni?* and Fe3").

Page | 56



4. Experiments and results

4.1.3. Schematic, structure and exfoliation of the NiFe LDHs monolayer

As shown of the schematic diagram in Figure 4. 1a, the NiFe LDHs bulk was obtained
via a one-pot hydrothermal method, and the monolayers were directly obtained in DI
water by shaking or ultrasonic treatment for a few seconds after washing with
isopropanol. The structure of NiFe LDHs was first studied via XRD. The XRD pattern of
the NiFe LDHs, as shown in Figure 4. 1b, is consistent with the reference NiFe LDH
(JCPDS 40-0215),[1721 but with slightly larger interlayer spacing. Detailed analysis of
(003) and (006) peaks shows that the corresponding d spacings are 0.82 and 0.41 nm,
respectively, which are larger than the reference values 0.78 and 0.39 nm.[*7? The
expanding of the d spacing indicates the formation of a new 2D NiFe LDHs structure
with enlarged interlayer spacing compared to the standard NiFe LDH structure. The
enlarged basal spacing facilitates exfoliation of bulk NiFe LDHs into nanosheets in DI
water (Figure 4. 1a, b). The Tyndall effect observed upon irradiation of the solutions

with a laser beam confirms the colloidal nature of the solution (Figure 4. 1c).
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Figure 4. 1 (a) Schematic of the preparation process of NiFe LDHs bulk and monolayers.
(b) XRD pattern of NiFe LDHs. The standard pattern of the pristine NiFe LDHs (JCPDS
40-0215). (c) The photographs of NiFe LDHs colloidal solution under laser irradiation.
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Table 3. Comparison of this strategy as well as the reported LDHs exfoliated methods:

exfoliated methods, equipment, time factors, and prices.

LDHs Exfoliated methods Equipment Time Prices Ref.
NiFe LDHs Directly exfoliation - <10s Low This work
Co(OH); Nanosheets  Liquid phase exfoliation High-powder ultrasonication >6h Median 140]
LDHs lon exchange - Fewdays  Median [ B8]
CoFe LDHs Water-plasma Water-plasma with high voltage 5 min High 1431
generator
CoNi LDHs Ar plasma High voltage generator 10 min High [£4]
CoFe LDHs Acid-etched 1M HNOs 30 min Median 141
Bulk LDHs Strong alkali etching 5 M NaOH 5-120 min  Median L2l

o

1.89K ‘ :
[re8K Smart Quant Results
S |ranx
© Element Weight % Atomic % Error %
~— 126K oK 307 615 74
_,Z" 1.05K FeK 217 124 39
D loaw NiK 478 26 32
(e
_.G_)' D.63K
E 0.42K:

0.21K;

00 13 26 39 52 65 78 91 104 17 130

Energy (keV)

Figure 4. 2 SEM images of NiFe LDHs: (a) low magnification and (b) high magnification.
(c) EDS pattern of NiFe LDHs over the full area. The inset in figure (c) shows one selected
area of NiFe LDHs and atomic ratios of nickel (Ni), iron (Fe), and oxygen (O) in NiFe

LDHs calculated from five different areas.
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Compared with the other reported exfoliated methods, as listed in Table 3, the NiFe
LDHs prepared through this strategy can be exfoliated into nanosheets in a simple,

efficient, and low-cost way.

The morphology of the NiFe LDHs was then observed by SEM. As shown in Figure 4. 2,
the as-prepared NiFe LDHs display a nanosheet morphology with random shape. The
element ratios of Ni, Fe, and O which detected by EDS mapping measurements, are

26.5,12.2, and 61.3 at percentage, respectively (Figure 4. 2c).

Figure 4. 3 TEM images of NiFe LDHs. (a) TEM image of NiFe LDHs bulk and
corresponding SAED pattern (inset). (b) TEM image of exfoliated NiFe LDHs nanosheets
and corresponding SAED pattern (inset). (c) HRTEM images of NiFe LDHs monolayers
and the corresponding diffractogram pattern are marked in the red square area (inset).
(d) HRTEM image of the cross-section of NiFe LDHs.
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TEM characterization was employed to investigate the detailed morphology and
microstructure features of the NiFe LDHs bulk, the exfoliated NiFe LDHs nanosheets,
and the cross-section of NiFe LDHs (Figure 4. 3). Figure 4. 3a shows the TEM results of
NiFe LDHs bulk obtained from dry crushed powder. The corresponding selected area
diffraction (SAED) pattern (Figure 4. 3a, inset) confirms the high crystallinity of the
NiFe LDHs, which is consistent with the XRD pattern results (Figure 4. 1b). In contrast
to the NiFe LDHs bulk, the SAED and TEM images of exfoliated NiFe LDHs nanosheets
indicates they are mostly oriented in the [001]-zone axis (Figure 4. 3b) and that these
nanoflakes are very thin as can be seen from Figure 4. 3c. The SAED pattern of
exfoliated NiFe LDHs nanosheets reveals two diffraction rings (Figure 4. 3b, inset),
corresponding to NiFe LDHs (100) and (110) planes and suggesting the formation of a
polycrystalline structure after the block exfoliation.?> 1721 Furthermore, high-
resolution TEM (HRTEM) was also applied to investigate the structure of individual
NiFe LDHs monolayers (Figure 4. 3c). The exfoliated NiFe LDHs monolayers display a
faint contrast, clearly revealing their sheet-like nanostructure and their very thin
nature. The corresponding diffractogram pattern (Figure 4. 3¢, inset) exhibits a typical
six-fold symmetry, in accordance with the hexagonal structure of NiFe LDH indicating
that the single crystalline nature is retained after the block exfoliation. In addition, the
HRTEM image demonstrates a larger interlayer distance, 0.82 nm, matching well with

the XRD pattern (Figure 4. 1b), than the reference NiFe LDH (JCPDS 40-0215).
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Figure 4. 4 AFM images and the corresponding height profiles of the NiFe LDHs.

The exfoliated monolayer NiFe LDHs nanosheets were directly verified by AFM. Figure
4. 4 displays ultra-thin characteristics of the exfoliated monolayer NiFe LDHs
nanosheets, lower than 1 nm.[*> 2271 The AFM topology revealed that the average
thickness of the NiFe LDHs nanosheets is about 0.7-0.8 nm (Figure 4. 4), thus
suggesting that the initial bulk NiFe LDHs were efficiently exfoliated into NiFe LDH
monolayer nanosheets. In short, monolayer NiFe LDHs was obtained in a facile way by
synthsing a new NiFe LDHs bulk with enlarged interspacing by using HMT as a

hydrolysis reagent.

Page | 61



Two-dimensional (2D) Monolayer Materials: Exfoliation, Characterization, and Application

41.4. Structure evolution of NiFe LDHs

In order to further investigate this unique phenomenon, more NiFe LDHs samples are
prepared with different hydrolysis reagents, such as HMT and urea. The as-prepared
samples are named as NiFe LDHs_X for convenience, where X denotes the percentage
of ammonium from HMT (details in Chapter 4.1.2). For example, the NiFe LDHs_1
(NiFe LDHs) represents the NiFe LDHs prepared by using HMT as the hydrolysis reagent,
while the NiFe LDHs_0 stand for the products by using urea. As shown in Figure 4. 5,
XRD was carried out on various samples to investigate the structural evolution. It can
be clearly found from the powder XRD patterns (Figure 4. 5a), the structure of these
NiFe LDHs was confirmed and no impurities phases were detected. The NiFe LDHs_0O,
prepared by using urea, show the same d spacings as the reference NiFe LDH (JCPDS
40-0215). With the increasing ratio of HMT to urea, the position of (003) and (006)
diffraction peaks show a shift towards a smaller angle, indicating an increase in the d

spacing along the c-axis for the obtained NiFe LDHs (Figure 4. 5b).
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Figure 4. 5 (a) XRD patterns of LDHs obtained at various hydrolysis reagent (the ratio
of HMT to urea). (b) (003) and (006) peaks shift of XRD patterns of the obtained as-

prepared LDH samples varying hydrolysis reagent between urea and HMT.
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Figure 4. 6 Raman of LDHs obtained at various hydrolysis reagents (the ratio of HMT

to urea).

Raman and FT-IR spectroscopy were further performed to acquire information about
the chemical identities and structure evolution of the as-prepared NiFe LDHs when
varying with the hydrolysis reagents. As shown in Figure 4. 6, the pair of bands that
emerged at around 456 and 524 cm™ were observed in all NiFe LDHs samples. There
is no big difference among all the samples. Compared to Aig modes of Ni-OH (474 cm’
1) and of Ni-O (554 cm™) in pure Ni(OH),,[143 2391 3|l NiFe LDHs show higher

wavenumbers, resulting when the Fe phase was introduced in the Ni(OH), phase.[234
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Figure 4. 7 (a) FT-IR spectra of the LDHs. Prepared from pure HMT to pure urea. (b)
Region characteristic for NOs and COs?" in the NiFe LDHs.
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The FT-IR spectra of the NiFe LDHs powder in the region between 400 and 4000 cm™
are illustrated in Figure 4. 7. As illustrated in Figure 4. 7a, LDHs show the stretching
vibrations of intercalated carbonates in the NiFe LDH at 480 cm™, 610 cm™, 1055 cm
12950 cm?, and 3450 cm™ for §(0-M-0), u(M-0), ui(CO3%), u(H20) and u(H-0),
respectively.[t74 2401 |nterestingly, as seen via zoom in Figure 4. 7b, the intercalated
carbonates (CO3%) are still in the LDHs, and are observed at 1380 cm™.[174] Here are
two peaks that appeared at 1200 and 1300 cm™ for CN vibration and (NOs’) vibration

while varying the various hydrolysis reagent.[174]
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Figure 4. 8 Schematic diagram of NiFe LDHs samples: (a) NiFe LDHs_0 (NiFe LDHs_CO5%)
prepared by using urea as hydrolysis reagent) and (b) NiFe LDHs (NiFe LDHs_NOsz
prepared by using HMT as hydrolysis reagent).

Figure 4. 8 displays the schematic diagram of NiFe LDHs_0 (NiFe LDHs_CO3%) and NiFe
LDHs (NiFe LDHs_NOs’). The NiFe LDHs_O (Figure 4. 8a) shows a smaller interlayer
spacing than the NiFe LDHs (Figure 4. 8b). Compared to the urea as a hydrolysis
reagent only, there are two functions for the HMT during the hydrothermal process.
The HMT can both worked as hydrolysis reagent and inducer during the reaction
process, which will intercalate CN compound or NOs™ into the LDHs interlayer, leading

to form a loosely stacked and swollen phase, which can be easily dispersed in water.
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Figure 4. 9 XPS spectra comparison of NiFe LDHs (NiFe LDHs_NOs) and NiFe LDHs_0O
(NiFe LDHs_COs%). (a) Survey, (b) Ni 2p, (c) Fe 3p, (d) O 1s, (e) C 1s and (f) N 1s. The KLL

and LMM structure result from the excitation of Auger electron emission.

XPS was used to further investigate the surface chemical composition and valence
states of NiFe LDHs (NiFe LDHs_NOs’) and NiFe LDHs_0 (NiFe LDHs_COs*) (Figure 4. 9).
The survey XPS spectra of the two samples revealed the presence of Ni, Fe, O, and C
elements. Notably, a N 1s signal appeared only in the NiFe LDHs_NOsz™ sample (Figure
4. 9a). The Ni 2p spectra (Figure 4. 9b) consist of two doublets and two shake-up
satellites, which are associated with the Ni** and Ni3* species in Ni-O, Ni(OH),, and
NiOOH for both the NiFe LDHs_NOs" and the NiFe LDHs_CO3%.[241-243] Similarly, the Fe
2p spectra (Figure 4. 9c) can be fitted by two doublets that correspond to the Fe?* and
Fe3* species in FeOOHI244 245 for both samples. And the broad peak detected at around
712.9 eV can be attributed to Ni LMM Auger peaks.[?*¢1 O1s spectra for both samples
consist of three different species. The first, at low binding energies, is associated with
the oxygen-metal (Ni-O and Fe-0) bonds, while the second at ~531.1 eV originates
from oxygen from the hydroxyl groups.[247- 2481 The O species at 532 eV is typical for

adsorbed 0-0 bonds in samples (Figure 4. 9d).[2*° The largest differences between the
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two samples are observed in the C 1s and N 1s spectra. While both samples exhibit
adventitious carbon (AC, centered at 284.8 eV), the signal at higher binding energies
varies greatly (Figure 4. 9e). The NiFe LDHs_CO3% sample shows a strong peak at a
binding energy of 288.6 eV which corresponds to carbonate (C03%),!°% while the NiFe
LDHs_NOs sample exhibits signal at binding energies in the range from 285.7 to 287.8
eV, which are related to CN bonds[?>% 252 in Figure 4. 9e. Furthermore, compared with
the signal in NiFe LDHs_COs?%, the N 1s XPS spectrum displays three clear peaks at
398.1, 402.5, and 405.8 eV attributed to CN bonds, -NH; group, and NOs,

respectively!?>1-2>3 in Figure 4. 9f.

Taken together, the XRD, FT-IR, and XPS results lead to the conclusion that hydrolysis
reagents (urea, HMT, etc.) have a significant effect on the interlayer spacing changing
of LDHs during synthesizing. Compared with the urea as the hydrolysis reagent only,
there are two functions for HMT during the hydrothermal process: the first one is as
the hydrolysis reagent, while the second is an inducer, which leads to CN compound
and NOgs intercalated into the LDHs interlayer space. As shown in the schematic
diagram, NiFe LDHs_COs%> has a smaller interlayer spacing than NiFe LDHs_NOs
(Figure 4. 8). Finally, a loosely stacked and swollen phase of NiFe LDHs_NOs™ with an

enlarged basal spacing was obtained.
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4.1.5. Universality investigation of the synthesis strategy

The universality of the synthesis strategy was investigated by preparing other NiFe-
based multi-metal LDHs including cobalt doped NiFe LDHs (NiFeCo), ruthenium doped
NiFe LDHs (NiFeRu), cobalt and ruthenium co-doped NiFe LDHs (NiFeCoRu) and gold
modified NiFe LDHs (NiFe/Au). The recipes and experimental details were listed in
section 4.1.2. The structure, morphology, and elemental analysis of the doped and
modified NiFe LDHs were characterized by XRD, SEM, and EDS. Moreover, the

exfoliated multi-metal NiFe LDHs monolayer nanosheets were checked by AFM

measurement.
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Figure 4. 10. (a) XRD patterns and (b) the zoom-in of the (003) and (006) peaks of NiFe-
based multi-metal layered double hydroxides: NiFeCo, NiFeRu, NiFeCoRu, and NiFe/Au.

NiFeRu

Figure 4. 11. Optical images of NiFe-based multi-metal LDHs nanosheets. Tyndall effect

was visible when irradiated with a laser beam.

All of the samples possess a typical NiFe LDHs structure (JCPDS 40-0215) with an

enlarged interlayer spacing (Figure 4. 10). Compared to the reference NiFe LDHs,
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NiFeRu and NiFeCoRu show stronger relative intensity of edges peaks, such as peaks
(012) and (110) in Figure 4. 10a. As reported, the edges of LDHs own higher OER
performance than the natural (001) facet.3% 129 154 Figure 4. 11 displays optical images
of NiFe-based multi-metal LDHs nanosheets exfoliated in water under an ultrasonic
treatment or shaking for a few seconds. The phenomenon of the Tyndall effect was
observed when irradiated with a laser beam which further confirmed the easy

exfoliation property of the NiFe-based multi-metal LDHs nanosheets.
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Figure 4. 12 SEM and EDS patterns of NiFe-base LDHs: NiFeCo (a and b), NiFeRu (c and
d), NiFeCoRu (e and f), and NiFe/Au (g and h). The inset in figures (b, d, f, and h) shows
one selected area of NiFe-based LDHs (Scale bar 50 um); atomic composition in each

sample was calculated from five different areas.
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The morphology and corresponding elements analysis of the doped and modified NiFe
LDHs samples were carried out by SEM and EDS in Figure 4. 12. All of the samples
show a sheet-like morphology in SEM images and the corresponding EDS confirmed

the success of doping and modification of the NiFe LDHs process.
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Figure 4. 13 Tapping-mode AFM image and the corresponding height profiles of
exfoliated monolayer NiFe-based multi-metal LDHs (a) NiFeCo, (b) NiFeRu, (c)
NiFeCoRu and (d) NiFe/Au LDH nanosheets. It is marked with white line.

The AFM topology reveals that all the NiFeCo, NiFeRu, NiFeCoRu, and NiFe/Au LDHs
nanosheets are monolayers (Figure 4. 13), which is consistent with the NiFe LDHs
monolayers (Figure 4. 4) and a reported theoretical value,[?2”! thus suggesting that the
obtained NiFeCo, NiFeRu, NiFeCoRu and NiFe/Au LDH bulk were efficiently exfoliated
into LDHs monolayer nanosheets. It is corroborated that the NiFe-based multi-metal
LDHs monolayer was successfully obtained after the structure, morphology, and
element analysis by XRD, SEM, EDS, and AFM, confirming the universality of the
synthesis strategy.
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4.1.6.OER performance of NiFe LDHs monolayers

Based on the above investigates, a strategy to prepare NiFe-based LDHs with large
interlayer spacing is presented. The NiFe LDHs can be directly exfoliated into
monolayer nanosheets in water in a short time via a simple way. The OER performance
of NiFe LDHs monolayers is investigated to study the underlying application for energy
conversion. OER performance of the NiFe LDHs monolayers was first measured at
drop-coated thin films on a Cr/Au electrode in 1 M KOH aqueous electrolyte. The
schematic for the Cr/Au electrode based on lithography and e-beam deposition is
depicted in Figure 4. 14 and the fabrication details are listed in Chapters 3.1.4 and

3.1.5.

SU-8 Electrode OER catalyst
%.

Cr/Au
—_—

Figure 4. 14 Schematic illustrations of the fabrication process of work electrode based

on lithography and e-beam deposition.
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Figure 4. 15 OER performance. (a) Polarization curves of the NiFe LDHs monolayers,
NiFe LDHs_0 powder, commercial RuO;, and gold electrode, sweep rate: 5 mV s, (b)

The corresponding Tafel slopes of the NiFe LDHs monolayers and NiFe LDHs 0 powders.
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Figure 4. 15a shows the iR-compensated LSV curve of the NiFe LDHs monolayer
nanosheets, the NiFe LDHs_0 powder, and the commercial RuO; catalyst as well as the
gold electrode. It is noted that the bare gold electrode shows poor activity for
electrocatalytic oxygen evolution. The NiFe LDHs monolayers and NiFe LDHs_O
powder show an obvious oxidation peak located at 1.42 V versus the RHE, which
corresponds to the oxidation reaction of Ni%* to Ni3*.[234 254 The NiFe LDHs monolayers
required an overpotential of only 270 mV at 10mA cm, which is 40 mV lower than
that of the NiFe LDHs_O powder counterpart tested under the same conditions,
respectively. For comparison, RuO; reaches 10 mA-cm at an overpotential of 350 mV,
agree well with the reported data.l?>®! Correspondingly, the NiFe LDHs monolayers
exhibit improved OER catalytic activity with a lower Tafel slope of 48.5 mV dec?,
indicating a facile electron transfer for water oxidation (Figure 4. 15b) compared to
the NiFe LDHs_0 powder (68.6 mV dec?). Meanwhile, the NiFe LDHs monolayers
exhibit a remarkably higher current density than the NiFe LDHs_0O powder sample
when a voltage beyond the oxidation peak was applied, suggesting a more efficient

OER activity of the exfoliated NiFe LDHs monolayers.
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Figure 4. 16 Activity comparison of NiFe LDHs monolayer, NiFe LDHs_O powder. The
overpotential at current density of j = 10 mA.cm™. The current was normalized to the
areal activity at an overpotential of n = 350 mV. Error bars represent the standard

deviation of six measurements.
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Figure 4. 16 further summarizes the relationship of overpotential and areal current
densities of the NiFe LDHs monolayers and the NiFe LDHs_O powder at a current
density of j= 10 mA.cm andn = 350 mV, respectively. The NiFe LDHs monolayers show
a small overpotential than the NiFe LDHs_O powder. Furthermore, the current
densities of NiFe LDHs monolayers (108 mA cm) are about 2 times as large as that of
NiFe LDHs_O powder (48 mA cm) although the mass loading for the monolayer
materials (6 micrograms) was five times less than the bulk powder (the details are

listed in Chapter 3.3.1).
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Figure 4. 17 Cyclic voltammetry (CV) curves of (a) NiFe LDHs monolayers and (b) NiFe
LDHs_0 powder, scanned in the non-faradaic potential window at variable scan rates
from 60 to 160 mV/s. The test potential range is 1.15-1.25 V vs RHE. The corresponding
current density at 1.2 V vs RHE is used for calculating the Cq value. (c) The calculated
Ca of NiFe LDHs monolayers and NiFe LDHs_0 powder catalysts. (d) Nyquist plots of
NiFe LDHs monolayers and NiFe LDHs O powder at applied potentials 1.5V vs. RHE
(overpotential at 270 mV).

The electrochemical double layer capacitance (Ca), which is in proportion to the
electrochemical active surface area (ECSA), was calculated by the cyclic voltammetry

(CV) curves in the range 1.15-1.25 vs RHE without redox processes (Figure 4. 17a and
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b). As shown in Figure 4. 17c, the NiFe LDHs monolayers have larger C4i(2.97 mF cm™
mg?) than the NiFe LDHs_O powder (0.72 mF cm? mg), demonstrating that the
intrinsic active site activity of NiFe LDHs monolayers was much higher than that of the
NiFe LDHs_0 powder. Furthermore, EIS analysis was performed to study the interfacial
properties of the electrocatalysts electrodes at the overpotential of 270 mV in 1.0 M
KOH solution with the frequency range from 100 kHz to 0.1 Hz. The Nyquist plots and
equivalent electrical circuit of NiFe LDHs monolayers and NiFe LDHs_0 powder are
recorded at an overpotential in Figure 4. 17d, which exhibits a smaller charge-transfer
resistances (Ret, 26 Q) than the NiFe LDHs_0 powder (66 Q), which indicates a much
faster charge-transfer rate and higher charge-transfer kinetics for the NiFe LDHs

monolayers.

Furthermore, the catalyst-electrode interactions were studied by loading the NiFe
LDHs monolayers or RuO; catalyst on a glassy carbon disk electrode (GCE) (Figure 4.
18a). As shown in Figure 4. 18b-c, the iR-compensated LSV was carried out with a
rotating disk electrode (RDE) at a rotation speed of 1600 rpm, which showed a higher
overpotential than the value on the gold electrode, and is consistent with the previous
reports that the gold/LDHs films show better adhesion, lower resistivity, and higher

electrochemically activity, attributing to electronic effects between the LDHs host and

gold.[lﬁl' 256]
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Figure 4. 18 (a) Setup of a rotating disk electrode (RDE). (b) Polarization curves of the
NiFe LDHs monolayers and commercial RuO; and glassy carbon disk electrode (GCE, 5
mm in diameter), sweep rate: 5 mV s at the rotation rate of 1600 rpm. (c) The

corresponding Tafel slopes of the NiFe LDHs monolayers on GCE.
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4.1.7.0OER performance of multi-metal NiFe-based LDHs monolayer

The OER performance of multi-metal NiFe-based LDHs monolayers were also
measured on the Cr/Au electrode in 1 M KOH aqueous electrolyte. Figure 4. 19
exhibits representative iR-corrected OER LSV curves for all multi-metal NiFe-based
LDHs monolayers electrocatalysts at a scan rate of 5 mV s™. The NiFe/Au required an
overpotential of only 240 mV which is much lower than in the NiFe LDHs (Figure 4.
15a) and other multi-metal LDHs (Figure 4. 19). This substantial improvement can be
ascribed to the charge redistribution of active Fe as well as its surrounding atoms
caused by the gold.['>% 161, 2561 Both NiFeRu and NiFeCoRu exhibit improved OER
activities compare to the NiFeCo and NiFe LDHs because of the ruthenium leading to
more high index surfaces (edges), which have higher OER activity than natural (001)
facet, confirmed by theoretical calculations and experimental results.3% 129 154 |
addition, the corresponding Tafel slope of NiFe-based multi-metal LDHs nanosheets
shows a similar value as the exfoliated NiFe LDHs, ranging from 43 - 49 mV dec’, and
is smaller than the value of NiFe LDHs_O powder (Figure 4. 15b). The OER activity
comparison of NiFe LDHs and multi-metal NiFe-based LDHs is summarized in Figure 4.
19b that the NiFeRu, NiFeCoRu, and NiFe/Au show better OER performance than the

NiFe LDHs and NiFeCo.
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Figure 4. 19 (a) Polarization curves and the corresponding Tafel slopes (inset) of the
NiFeCo, NiFe Ru, NiFeCoRu, and NiFe/Au, sweep rate: 5 mV s (b) Activity comparison
of NiFe LDHs and multi-metal NiFe-based LDHs monolayers. The current density

normalized at n = 300 mV.
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Figure 4. 20 (a) Nyquist plots of NiFe-base LDHs: NiFeCo, NiFeRu, NiFeCoRu, and
NiFe/Au at applied potentials 1.5V vs. RHE (overpotential at 270 mV). (b) The
calculated TOFs of NiFe LDHs monolayers, NiFeCo, NiFeRu, NiFeCoRu, and NiFe/Au at
n=300mV.

To get further insights into the OER kinetics, EIS was measured at 1.5V (overpotential
270 mV) with a frequency range from 100 kHz to 0.1 Hz. The Nyquist plots and the
equivalent electrical circuit are shown in Figure 4. 20a. Both the NiFeRu and NiFeCoRu
electrocatalysts exhibited almost similar intrinsic resistance, while the NiFe/Au shows
the smallest Rt value (6.4 Q) among the measured samples. This small resistance is
ascribed to NiFe LDHs-gold interfacial interactions, which lead to charge redistribution
of the active site and give rise to the free charge carrier concentration, thus facilitating
the charge-transfer process during the OER.[15% 161, 256] The intrinsic activity of NiFe-
based LDHs was further confirmed by the turnover frequencies (TOFs) in Figure 4. 20b.
The NiFe/Au exhibit TOFs of 0.42 s at an overpotential of 300 mV, which is almost six
times that of the pure NiFe LDHs nanosheets. Above all, the universality of the
synthesis strategy used to prepare NiFe-based multi-metal LDHs was confirmed and

the OER performance was improved by ruthenium doping and gold modification.

Page | 75



Two-dimensional (2D) Monolayer Materials: Exfoliation, Characterization, and Application

4.1.8. Conclusion

In conclusion, a new synthesis method has been developed to prepare easily
exfoliated NiFe-based LDHs monolayers. The structure, structure evolution, and the
universality of this strategy were confirmed by XRD, TEM, FT-IR, and AFM. Different
from the typically NiFe LDHs, the obtained NiFe LDHs can be easily exfoliated into
monolayer nanosheets, resulting in excellent OER activity, which is significantly better
than the corresponding bulk counterpart and noble metal oxide catalysts RuO..
Consequently, considering the universality of the method, it is believed that this
strategy offers an easy and efficient way for the design and construction of NiFe LDHs
and that this strategy can also be extended to the development of various other LDHs-
based multifunctional materials for energy conversation and storage, including in the

field of electrocatalysts, supercapacitors, and batteries.
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4.2. Direct thermal enhancement of hydrogen evolution

reaction of on-chip monolayer MoS;

This section illustrates an on-chip MoS; monolayer (MoS; ML) reactor and the
relationship between the HER performance and its thermal effect on MoS; ML. As is
already known (in Chapter 2.9 and 2.10), MoS; has drawn great attention as a
promising alternative to Pt-based catalyst for the HER. However, it suffers from
sluggish kinetics to drive the HER process because of inert basal planes. Here, an on-
chip MoS; ML HER reactor was designed and fabricated to reveal direct thermal
enhancement of MoS; ML for the HER. The thermal effects, which were confirmed by
Raman and PL spectra, generated efficient electron transfer in the atomic MoS, ML
and at the interface between the electrolyte and the catalyst, leading to enhanced
HER activity. The MoS; ML measured at a higher temperature (60 °C) possesses
significantly enhanced HER activity with a lower overpotential (90 mV at current
densities of 10 mA cm?), lower Tafel slope (94 mV dec?), and higher turnover
frequency (73 s at the overpotential 125 mV) compared to the results obtained at
room temperature. More importantly, such an understanding of the thermal effect of
2D MoS; ML for HER catalysts offers a guideline for the development of the next
generation catalyst technology towards hydrogen evolution or other efficient
electrocatalysts. The keywords in this section are MoS;, monolayer, thermal effects,

hydrogen evolution, and on-chip.

The core part of this section has beem published in ACS Nano 2022, 16, 2, 2921-2927,
DOI: 10.1021/acsnano.1c10030, titled: Direct Thermal Enhancement of Hydrogen

Evolution Reaction of On-Chip Monolayer MoS;.
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4.2.1. Introduction

Hydrogen (H2), a key energy carrier for energy conversion (hydrogen fuel cells) and
storage, plays a major role in the development of sustainable energy for the
environment and can be generated through an electrocatalytic HER.B! Because
multiple elemental reactions induce an accumulation of energy barriers and result in
slow kinetics, the HER (2H* + 2e- — H,) needs an efficient, durable, and inexpensive
catalyst to reduce the overpotential (n).[¥ 25’1 MoS,, an interesting 2D material, has
been recognized as a greatly promising alternatives for noble-metal-based catalysts
(such as Pt) in the HER.[**! For instance, the edge sites of MoS; are active for the HER,
as predicted by both theoretical,!*'* 120 and experimental [6% 202 studies. However, the
basal plane of MoS; (anisotropic property of 2D materials) is relatively inert due to its

high hydrogen adsorption energy.!201

To activate and optimize the inert catalytic activity of the MoS, basal planes,
enormous research efforts have been devoted to improving catalytic efficiency with
chemical methods (including, phases engineering,!'® 2% 85 203] strain engineering,[1°®
258 defects engineering,[2°%-261 doping, 93 94 2621 gnd amorphous MoS; synthesis[263,264])
and physic methods (such as electric field effect,[?13 220, 265 electric field and
photoelectrical effect,[?”! and magnetic field effect???l enhancement). The key to
activating the inert basal plane is to increase the intrinsic catalytic activity by
enhancing the electronic transport in the MoS; basal plane or at the interface between
the electrolyte and catalyst. As reported, the thermal effect can improve the electron
transfer efficiency during catalytic reactions.!26% 2671 However, to date, no results have
been reported about the temperature-dependent HER based on MoS, ML catalyst.
Here, an on-chip MoS; ML HER reactor was designed and fabricated to investigate the

temperature-dependent HER catalyst activity.
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4.2.2. Fabrication of on-chip MoS; ML devices

The MoS; ML was mechanism exfoliated on the substrate from a crystal MoS; bulk (SPI
Supplies) with gold tape 73! and then transferred onto a silicon wafer covered by a 300
nm thick dielectric SiO; layer., and the details were disused in Chapter 3.1.3. The on-
chip devices for electrocatalysis were fabricated by standard photolithography (MLA
100) and the Cr/Au (1 nm/50 nm) electrodes were deposited by an e-beam deposition.
The fabrication process of the WE for HER device is schematically illustrated in Figure
4. 21. First, a HER microelectrode array on a single MoS; ML was fabricated with
ultraviolet lithography and oxygen plasma etching (Figure 4. 21b). Then,
microelectrodes with MoS; ML were fabricated with ultraviolet lithography and
electron-beam deposition (Cr/Au, 1 nm/50 nm), which were regarded to build
electrical contacts between the MoS; ML and outer electrode (Figure 4. 21c). Finally,
to avoid the influence of the electrode in the HER test, another layer of SU-8 was spun
on the silicon wafer as a protective layer and patterned to expose the MoS,; ML and
outer electrode. After lifting-off the photoresists, on-chip MoS; ML microelectrodes
were obtained (Figure 4. 21d). Similarly, the microelectrodes Pt were fabricated as

shown in Figure 4. 22.

Page | 79



Two-dimensional (2D) Monolayer Materials: Exfoliation, Characterization, and Application

e

NN T _—’_—)b

photolithography - E-beam
—_ deposition

Acetone n u
> e — C

photolithography

] " ., = =, d [ | [ ] [ |

] ] o
Si/Sio, MoS, AZ Cr/Au  SU-8

Figure 4. 21 Schematics of the fabrication process and optical microscope images of
the MoS; ML microelectrode array. (a) Schematic of the fabrication process for MoS;
ML microelectrode array. Optical microscope image of the patterned (b) MoS; ML
microelectrode, (c) MoS, ML/Cr/Au and (d) MoS2 ML/Cr/Au/SU-8. AZ is the photoresist
AZ5214e.

M Si/sio2 Cr/Pt M Cr/Au Su8

Figure 4. 22 (a) Side-section schematic of Cr/Pt (5 nm/50 nm) microelectrode. Optical
microscope image of the patterned (b) Cr/Pt microelectrode, (c) microelectrode Cr/Pt
with Cr/Au connection-electrode and (d) Cr/Pt with Cr/Au connection-electrode

covered with SU-8 protection layer.
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4.2.3. Characterization of MoS; ML

In this work, a MoS; ML was utilized to investigate the thermal effects on the HER
performance. The features of the exfoliated MoS, ML were characterized by optic

image, Raman, PL, and XPS.
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Figure 4. 23 Characterization of exfoliated MoS; ML. (A) Optic image of exfoliated MoS;
ML on a silicon wafer (oxide layer 300nm). (B) Raman and (C) PL comparison of MoS;
bulk and ML. XPS of MoS, ML: (D) Mo3d and (E) S2p. ML: monolayer.

As displayed in Figure 4. 23A, the single MoS; ML has a large size of up to 1.9 mm.
Figure 4. 23B compares the Raman spectra of the MoS; bulk and MoS, ML, revealing
two strong peaks assigned to the in-plane (E') and out-of-plane (A1g) vibrations. Clear
shifts were observed for the peak positions of the MoS; ML. Compared with the MoS;
bulk, the MoS, ML shows a blue shift for E';; and a red shift for A;z modes. The
difference between the two peaks at ~384 and ~403 cm for the MoS; ML adds up
to about 19 cm™, confirming the monolayer configuration.l?®8! The PL spectroscopy

results also confirm the transition from an indirect (MoS; bulk) to a direct (MoS, ML)
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bandgap material after exfoliation (Figure 4. 23C). A single peak at ~670 nm (~1.86
eV) was observed due to the generation of an A exciton from the direct excitonic
transition at the Brillouin zone K point in the MoS, ML.°®! XPS was used to further
investigate the surface chemical composition and valence states of the MoS; ML. The
high-resolution XPS spectra of the Mo 3d, S 2s, and S 2p binding energy regions are
shown in Figure 4. 23D and Figure 4. 23E. The peaks approximately 227.5, 230.5 and
233.6 eV correspond to the S 2s, Mo* 3ds; and Mo* 3ds. of the MoS, ML,
respectively (Figure 4. 23D).[2%°1 The XPS spectra of the S 2p region reveal two main
features with signals at 163.2 and 164.4 eV, which arise from the S 2ps/, and S 2pi/
orbitals, respectively (Figure 4. 23E).[22 81 Al of the results indicate that a MoS; ML

with a large size was exfoliated and successfully transferred onto the silicon wafer.

4.2.4. Laser-induced thermal effects of MoS,; ML

The laser-induced thermal effects of the MoS, ML were investigated by tuning the
radiation power from 5.4 to 5400 kW-cm™ with a filter (from 0.1 to 100 %) under
ambient conditions. The intensities of the Raman and PL spectra show a significant
increase as the laser power increases (Figure 4. 24). Figure 4. 25 shows the normalized
Raman and PL spectra recorded at various laser powers for the MoS; ML. The peak for
the E';z mode shifts from 384 to 382 cm™ and the peak for the A1z mode shifts from
403 to 401 cm™ with increasing laser power (Figure 4. 25A). Overall, the A1z and Ely
modes show redshifts of approximately 2 cm™ when the laser power increases from
5.4 to 5400 kW-cm2, which is consistent with previously published data.[?’° Unlike the
MoS; ML, the MoS; bulk material did not show pronounced changes for either Aig or
Ely modes, neither for the peak position nor the peak shape as the excitation power

was increased (Figure 4. 24c).
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Figure 4. 24 (a) Raman and (b) PL spectra of MoS, ML with increasing excitation laser
power from 5.4 to 5400 kW-cm with a filter (from 0.1 to 100 %) at RT under ambient
conditions. (c) Raman and (d) PL spectra of MoS; bulk with increasing excitation laser

power from 5.4 to 5400 kW-cm™ with a filter (from 0.1 to 100 %) at RT under ambient

conditions.
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Figure 4. 25 Laser-induced thermal effects in MoS, ML. Normalized (A) Raman and (B)
PL spectra of MoS2 ML at increasing excitation laser power from 5.4 to 5400 kW-cm
with a filter (from 0.1 to 100 %) under ambient conditions. Zoomed-in details of B
exciton in the MoS; ML (insert of B, left) and schematic illustration of the band structure

of MoS; ML at the K points (insert of B, right).
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The normalized PL spectra of the MoS; ML show only one peak from the A exciton at
low laser power (Figure 4. 25B). A new peak, centered at A = 620 nm (B exciton), was
detected as the laser power increased. This can be attributed to thermal effects
resulting from high-density laser irradiation (insert of Figure 4. 25B, left).?” 2711 |n
contrast, no notable peak was observed for the PL spectra of the MoS; bulk even when
the laser power was increased to 5400 kW-cm (Figure 4. 24d). The double PL peaks
of the MoS; ML are attributed to the direct excitonic transition at the Brillouin zone K
point for A exciton and B exciton with higher laser irradiation (insert of Figure 4. 25B,
right)[272, Furthermore, the A exciton in the PL peak of MoS, ML shows a slight red
shift under a higher laser power (Figure 4. 25B).1273 274 The thermal effects of the MoS;

ML were revealed and confirmed by Raman and PL results at a higher radiation power.

4.2.5. Temperature-dependence of HER on MoS; ML

An integrated on-chip MoS2 ML HER reactor was fabricated and employed to explore
the relationship between the HER catalytic performance and thermal effects in MoS;
ML. The fabrication process of the MoS, ML HER reactor was exhibited in the

experimental section (Chapter 4.2.2).

1w

Figure 4. 26 The setup for evaluating the temperature-dependence of HER on an on-

chip MoS; ML. (a) IKA temperature heater and (b) on-chip MoS,; ML devices.
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Figure 4. 26 displays the setup for evaluating the temperature dependence of HER in
MoS, ML. Figure 4. 27A shows a schematic illustration of the on-chip measurement
setup (three-electrode system). The on-chip MoS; ML HER reactor is acted as the WE.
A platinum wire was used as the CE and a Ag/AgCl acts as the RE. One droplet of
nitrogen (N2)-purged H;SO4 (0.5 M) electrolyte was used for the HER performance
measurement. Moreover, a temperature controller was placed under the on-chip
device to record the HER performance of the MoS, ML to thermal effect (Figure 4. 278
and Figure 4. 26). As already discussed in Figure 4. 24 and Figure 4. 25, thermal effects
in the MoS; ML are revealed at higher temperatures. In particular, hot carriers (e) will
promote the HER process [27°]. The HER electrocatalytic activities based on thermal
activation for a MoS; ML were investigated from RT (25 °C) to 60 °C with a step size of
5 °C. The polarization curves in Figure 4. 27C clearly show that the catalytic activity of
the MoS; ML is largely enhanced as the temperature increases. The current density of
the MoS; ML at 60 °C (145.6 mA cm) was raised 45.5 times compared to the results
at RT (3.2 mA cm) at an overpotential of 200 mV. For comparison, platinum (Pt) film
microelectrodes were fabricated (Figure 4. 22), and the temperature-dependence
behavior of Pt microelectrodes was investigated. As shown in Figure 4. 28, the current
density of the Pt microelectrode at 60 °C shows an increase of approximately 2 times
compared with RT at an overpotential of 200 mV. The overpotentials of the MoS; ML
are 201, 170, 126, 120, 110, 102, and 90 mV at a current density of 10 mA cm at 30,
35, 40, 45, 50, 55, and 60 °C on the same MoS; ML, respectively (Figure 4. 27C), which
documents a considerable HER enhancement compared to the results measured at RT.
Interestingly, as displayed in Figure 4. 27D and Figure 4. 27E, the Tafel slope of 136.7
mV dec? drastically reduces to 94.0 mV dec! with increasing temperature from RT to

40 °C (region I).
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Figure 4. 27 Temperature-dependence of HER properties on MoS; ML. (A) Schematic
illustration and (B) Cross-section of the on-chip measurement setup. WE: working
electrode, CE: counter electrode, and RE: reference electrode. (C) Polarization curves of
MoS; ML and corresponding (D) Tafel plots were obtained from the polarization curves
over a temperature range from RT to 60 °C. (E) Tafel slope as a function of the
temperature for lower temperature (Region 1) and higher temperature (Region ll). (F)
TOF as a function of the overpotential. (G) Overpotential and TOF in lower temperature
(Region 1) and higher temperature (Region Il) regions. Error bars represent standard
deviations of four independent tests. (H) Nyquist plots for MoS, ML at potentials -0.1
V vs. RHE (overpotential at 100 mV) from RT to 60 °C. (I) Overpotential (at 10 mA cm -
2) comparison with other reported on-chip MoS; devices. a-g represent the on-chip
MoS; catalyst for SV-MoS, ML,[*%1 MoS; edges,/??l MoS, nanosheets,[??’] n-MoS,,%3]
MoS; ML,?18 MoS, ML,27¢l and bowl-like MoS: flake,???] respectively.

Based on previous research findings, the adsorption of H* onto the catalyst (Volmer
step, the Tafel slope would be = 120 mV dec™?) is the rate-limiting step for HER at RT.
The acceleration stage in the region | indicates that the number of hot carriers rises as

the temperature increases, leading to the reduction of adsorption energy on the inert
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basal planes of the MoS, ML and the acceleration of the electrocatalytic reaction
kinetics, which result in a lower Tafel slope (Figure 4. 27E).2°1 Moreover, there is no
major difference for the Tafel slopes when the temperatures increase further in region
Il (40 to 60 °C) because of the saturation of the hot carriers (Figure 4. 27E). Thus, the
variation in the electrical transport induced by thermal effects (hot carriers) is the
origin of the enhanced catalytic performance of MoS, ML at higher temperatures. The
turnover frequency (TOF) per surface Mo atom on MoS; ML at different temperatures
was calculated. As displayed in Figure 4. 27F and Figure 4. 27G, the TOF of MoS; ML
measured at 60 °C exceeded that at RT by a factor of 10 to 40. In region |, the TOF of
the MoS; ML is 63.0 st at 40 °C, while the TOF value is only 2.6 s at RT for the same
overpotential of 125 mV. Meanwhile, the overpotential of the MoS, ML decreased
from 300 mV (RT) to 120 mV (40 °C) at a current density of 10 mA cm™2. There is no
major change in the overpotential and TOF values in MoS; ML when the temperature
increases further in region Il (Figure 4. 27G). This improvement in the TOF shows that
the thermal effect has a great effect on the HER performance of MoS; ML.
Electrochemical impedance spectroscopy (EIS) was applied to investigate the
electrode kinetics in a frequency ranging from 100 kHz to 0.1 Hz at an overpotential
of 100 mV. The Nyquist plots and the equivalent electrical circuits are shown in Figure
4. 27H and Figure 4. 29. Clearly, the charge transfer resistance (Rc:) decreases from
440kQ to 18kQ as the temperature increases from RT to 60 °C, indicating the high
efficiency of electron transfer onto the MoS; ML. The EIS results confirm that the
external thermal effect not only accelerates the electronic transport in the MoS; basal
plane, but also increases electronic transport in the MoS; ML basal plane, but also
increases electronic transport at the interface between the electrolyte and the MoS;
surface. Figure 4. 271 and Table 4 compare the overpotential of on-chip MoS;-based
microelectrodes.[20, 23, 198, 217, 218, 222, 276] The MoS, ML measured at a higher
temperature in this study possesses superior HER performance compared to other on-

chip MoS;-based HER catalysts at RT.
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Figure 4. 28 LSV of Cr/Pt microelectrode over a temperature range from RT to 60 °C.
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Figure 4. 29. Nyquist plots of MoS; ML at applied potentials -100 mV vs. RHE under
different temperatures from RT to 60 °C.

Table 4 Comparison of the on-chip HER performance of this report (at 60 °C) as well as
other reported on-chip MoS; results at RT: (overpotential (n) mV, at 10 mA cm?), Tafel
slope (mV-dec)) and TOF (s?).

Electrocatalysts Overpotential Tafel TOF Active methods Reference
(n) slope
MoS: ML -90 94.0 73 (n =125mV) Thermal effect (60 °C) This work
MoS, ML ~-300 136.7 2.6 (7 =125mV) RT (25 °C) This work
SV-MoS, ML -170 60 10(n =125mV) Strained sulfur vacancies [198]
Metallic MoS; edges -200 50 1 (n =100mV) metallic MoS; edges 120]
MoS; nanosheets -169 100 - Electric field (3 V), 2

photoelectrical (60 mW/cm?)

n-type Mo$S, -300 - - FET (50 mV) 23]

ML MoS; -250 109 = FET (1V) (218)
MoS; ML -150 75 - Boundary activated 1276]
Bowl-like MoS; flake -113 59 - Magnetic Enhancement [222]
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To better understand the thermal enhancement of the HER performance of MoS; ML,
the activation energy, that is, the relation between the temperature and current

density, from the Arrhenius equation was studied.[?%] The Arrhenius relation is given

by

L _Fa1 N _fFal ,
In(j5) =InA o or log(j) = logB 2.3RT’41

where E; is the apparent activation enthalpy at the reversible potential, jis the current
density, R is the gas constant, and T is the absolute temperature. A and B are pre-

exponential factors.[277]
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Figure 4. 30 Arrhenius plots of the exchange current densities on the MoS; ML vs.

temperature from RT (25) to 60 °C.

The current density from the Tafel slope (Figure 4. 27D) and the Arrhenius plots were
calculated and are drawn in Figure 4. 30. Clearly, Arrhenius plots show different linear
relationships between the current densities on the logarithmic scale and the
reciprocal temperature (1/T) for the MoS, ML at higher temperatures and lower
temperatures. The Arrhenius plots display smaller slopes at higher temperatures
(region 1) than the values at lower temperatures (region ) for the same MoS; ML
(Figure 4. 30). The activation energies of the MoS; ML for HER were calculated through
the slopes of Arrhenius plots. The activation energies are 33.65 * 1.15 kJ/mol for
region Il (Ea,n) and 44.55 + 5.54 kJ/mol for the region | (Ea, ). It is implied that the higher

temperatures conditions are thermodynamically favorable in the case of MoS; ML for
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the HER. Hence, the increase in temperature leads to a significant improvement in the

HER catalytic activity of the MoS, ML.

4.2.6. Side effects of HER on MoS; ML

In order to confirm the thermal enhancement of HER on MoS; ML, side effects were

also discussed below, including the effect of substrate, contact resistance, and CE.
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Figure 4. 31 Characterization of exfoliated MoS, ML on glass. (a) Raman and (b) PL
spectra of the MoS, ML on a glass substrate. (c) Polarization curves of the MoS, ML on

glass over a temperature range from RT to 60 °C.

To investigate the substrate effect, a MoS, ML was exfoliated and transferred onto a
glass substrate. Then, microelectrodes were fabricated. Figure 4. 31a and b display
the Raman and PL spectra of the MoS; ML on glass, confirming that the MoS, ML were
successfully exfoliated and transferred onto the glass. The HER performance of MoS
ML on glass was investigated. The polarization curves in Figure 4. 31c clearly show that
the catalytic activity of the MoS, ML is also largely enhanced as the temperature
increases. Comparing the HER results of the MoS, ML on a silicon wafer (Figure 4. 27C)
and glass (Figure 4. 31c), the substrate (silicon wafer vs. glass substrate) shows little

or no effect on the HER of MoS; ML.
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The contact resistance of MoS; ML, which was obtained from EIS in Figure 4. 27H, was
also discussed. As displayed in Figure 4. 32a, the contact resistance decreases with
increasing temperature. To investigate the contact resistance effect on the HER
performance, polarization curves of the MoS; ML under different temperatures with
iR compensation were calculated (Figure 4. 32b). There is no difference for the
polarization curves (Figure 4. 27C and Figure 4. 32b) and the areal activity (Figure 4.
32c) of the MoS; ML under different temperatures with or without iR compensation.
That means, although the contact resistance decreases with increasing the
temperature of the measurement environment, the HER performance shows nearly
no difference whether the contact resistance was considered or not. Therefore,

compared to the thermal effect, the contact resistance can be ignored.
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Figure 4. 32 (a) Contact resistance of the MoS, ML under different temperatures in
H>504 solution, which was obtained from EIS in Figure 4. 27H. (b) Polarization curves
of the MoS, ML under different temperatures with iR compensation. (c) Activity
comparison of the MoS,; ML with/without iR compensation under different
temperature. HER current density normalized to the areal activity, respectively, at the

overpotential of 200 mV.

As reported, the platinum (Pt) can transfer from the anode (CE) to the cathode (WE),
which will lead to an efficient enhancement of the WE when the Pt wire was used as
the CE.[?78 |In order to avoid side effects of the Pt as the CE, the HER catalytic
performance of the MoS; ML and Pt film microelectrode were re-checked by using
glassy carbon (d= 3 mm) as a CE. As displayed in Figure 4. 33, both MoS; ML and Pt
film microelectrode show thermal enhancement to HER, which is similar to the results

of using Pt as the CE.
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Figure 4. 33 Setup for evaluating the temperature-dependent HER of the MoS, ML by
using GC as a CE. (a) The temperature was controlled by IKA hot plates under the
working electrode. (b) Optical image of the MoS, ML microelectrode. Polarization
curves of (c) the Pt film and (d) the MoS, ML over a temperature range from RT to 60 °C
by using glassy carbon (d= 3 mm) as a CE.

After carefully comparing the previous results 278 with our measurement results
(Figure 4. 27C, Figure 4. 28, and Figure 4. 33), we can conclude that the enhancement
of HER on the MoS; ML and Pt microelectrodes is because of the thermal effect rather
than the Pt transfer from the anode to the cathode. The reasons are as follows. First,
the HER enhancement, and Pt transfer was observed after 10000 CV cycles in the
previous paper,[2’8l while our measurement was carried out in a short time. There is
not sufficient time for the complex reaction processes to happen, including absorption
of OH" or H,0 on the Pt surface, the evolution of oxygen species and their reaction

with the Pt atoms, position exchange between oxygen and Pt atoms, and the
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dissolution of Pt and transfer of Pt. Second, for the Pt microelectrode, our tested
results are consistent with the published paper,!2%! which also shows a temperature-
dependent Tafel slope for the HER. The thermal enhancement of HER on MoS; ML was

further confirmed after analyzing the side effects of the reaction.

4.2.7. Stability of HER on MoS; ML

The stability of MoS; ML was also evaluated under various temperature conditions.
The chronoamperometry (j-t) test was performed with the MoS, ML material at a
constant potential of -200 mV versus RHE, as shown in Figure 4. 34. The stability curve
directly displays the trend of current density changing as the temperature changes.
The test temperature was set at RT with a current density of about 3 mA cm™. Then,
the current density was increased to 12 mA cm as the temperature increased to 30
°C. After the temperature was lowered to RT, the current density was decreased again
to approximately 3 mA cm. By increasing the temperature to 40 °C, the current
density increased to 40 mA cm2, which is roughly 3 times greater than at 30 °C and 10
times more than at RT. Moreover, the long-term stability of the MoS, ML was
evaluated in an IKA constant-temperature water bath (Figure 4. 35). To protect the RE

(Ag/AgCl), the j-t curves were only recorded at 25 °C and 30 °C.
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Figure 4. 34 HER Stability on MoS> ML. Temperature-dependent current density curve
for MoS; ML catalyst at a constant overpotential of -200 mV versus RHE under different
temperatures (orange curve). The schematic illustration of the set temperature with

the IKA temperature controller (black line).
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Figure 4. 35 HER Stability of the MoS; ML. Temperature-dependent current density
curve for the MoS, ML catalyst at a constant overpotential of -200 mV versus RHE in
an IKA constant temperature water bath at 25 °C and 30 °C.

As displayed in Figure 4. 35, the MoS; ML shows good temperature-dependent
behavior and stability. The results demonstrate that the thermally enhanced MoS; ML
owns good stability of HER performance at various temperatures. Afterward, Raman
and PL spectra were recorded to study the structure of the MoS; ML (Figure 4. 36). In
comparison to the exfoliated MoS, ML in Figure 4. 23B-C, there is no obvious
difference in the Raman and PL spectra of the MoS; ML, which indicates that the
thermal effect achieves efficient electron transfer in the inert MoS, basal plane

without structural changes of MoS; ML.
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Figure 4. 36 (a) Raman and (b) PL of MoS, ML after stability testing.

4.2.8. Conclusion

In summary, the temperature dependence of the HER of an on-chip MoS; ML was
investigated. The results show that an efficient electron transfer is triggered under
higher temperature conditions, which leads to a significantly enhanced HER
performance by activating the inert MoS, ML basal plane and generating efficient
electron transfer at the interface between the electrolyte and catalyst. Lower HER
overpotential (90 mV at a current density of 10 mA cm2) is achieved at 60 °C. This work
not only provides a strategy to enhance the HER catalytic properties of MoS, MLs but
also lays the foundation for the future studies of the HER mechanism of 2D monolayers,
providing the possibilities for designing the high-performance HER catalysts for energy

conversion based on thermal effects.
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5.Summary and outlook

This chapter includes the basic conclusions from previous chapters and the potential
outlook of the research topic based on exfoliated 2D monolayers for the sustainable

development of society, through energy conversion technologies via OER/HER.

5.1. Summary

This doctoral thesis is focused on the exfoliated 2D monolayers used for OER/HER with
bottom-up and top-down methods, including NiFe-based monolayer and MoS;
monolayer. The preparation (exfoliation) process of materials, materials structure and
morphology, and electrochemical performance are presented. These studies include
the following aspects.

Part 1 One-pot synthesis of LDHs monolayer

(1) A one-pot strategy was reported to synthesize the NiFe-based LDHs monolayer.

(2) The interlayer spacing of LDHs can be tunneled by varying the hydrolysis reagents.

(3) The universality of this strategy ensures the extension of NiFe LDHs to NiFe-based
multi-metal LDHs by doping or modification.

(4) The NiFe LDHs monolayers show enhanced OER activity than that of the NiFe LDHs
bulk counterpart.

(5) The OER activity of LDHs monolayer can be further improved by metal doping or
modification.

(6) This facile strategy gives a good example of designing LDHs monolayer for highly
active catalysts, and even for energy conversion and storage based on 2D
superlattices LDHs-multifunctional materials.

Part 2 On-chip MoS, ML HER reactor

(1) A MoS; ML with large size was obtained with a top-down method.

(2) On-chip MoS; ML reactor was fabricated and the relationship between the HER

performance and the thermal effect on MoS,; ML was studied.
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(3) The thermal effect of MoS, ML was observed and confirmed by Raman and PL.

(4) The thermal effects afford efficient electron transfer in the atomically MoS; ML and
at the interface between the electrolyte and catalyst, leading to an enhanced HER
performance.

(5) The understanding of the thermal effect on HER catalysts offers a guideline for the
development of the next generation catalyst technology towards hydrogen

evolution or other efficient electrocatalysts based on the 2D monolayer.

5.2. Outlook

Though new designs were used to exfoliate the 2D monolayer materials with bottom-up
and top-down methods, two kinds of 2D monolayer were obtained and its catalytic
activity for the OER/HER was presented. Many aspects still need to be studied in detail to
develop a highly efficient 2D monolayer electrocatalyst.

(1). For the LDHs, from the view of the synthetic chemistry, edge/vacancy abundant
LDHs will provide better OER performance. Moreover, 2D LDHs monolayer is an ideal
host for a single atom that LDHs/single-atom catalysts will become a hot spot in
research and application. In short, cheap high-valence metals with special crystal
planes, oxygen vacancy, and single-atom catalysts are potential OER catalysts for future
applications.

(2). For on-chip MoS; ML, it is an ideal platform to monitor the reaction path or
reaction mechanism by combining the in-situ equipment, including, Raman
spectroscopy, X-ray absorption spectroscopy (XAS), XPS, Mdssbauer spectroscopy,
ultraviolet-visible spectroscopy, differential electrochemical mass spectrometry,

surface interrogation scanning electrochemical microscopy, etc.
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