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Abstract

Graphyne-based two-dimensional (2D) carbon allotropes are attracting much
attention due to their extraordinary physical and chemical properties. Among them,
metallated graphyne (MGY) is a kind of organometallic material that is woven from
organic multi-alkyne monomer and metal ion through the bottom-up approaches, thus
achieving various frameworks via monomer or metal chromophore design and
integrating the advantages of both metal center and graphyne. The highly developed =-
conjugated electronic structure is an excellent feature shared by MGY and graphyne,
while the combination of organic ligands and metal atoms makes MGY different from
graphyne. Such chemical differences enable MGY to possess unique physical
properties, including a variety of components, tunable electronic structures, and high
exposure to active sites. Nevertheless, the related research on their synthesis,
characterizations, properties, and applications is still in its infancy. Reliable methods
and comprehensive characterizations are needed to enrich the MGY family and
elucidate the underlying mechanisms between their structures and properties.

To start with, a brief introduction to MGY including synthesis methodology,
characterization, properties, and applications was presented in Chapter 1.

In Chapter 2, four kinds of mercury graphyne materials, TEPB-Hg-GY, TEPT-
Hg-GY, NH:-Hg-GY, and F-Hg-GY were designed and synthesized. Their chemical

structures, crystal structures, and electronic structures were studied in detail with



comprehensive experiments and calculation characterizations, such as NMR, MAIDI-
TOF, FTIR, PXRD, UV-Vis, UPS, XPS, TEM, SEM-EDS, and DFT calculations.
Moreover, the performance of photocatalytic hydrogen peroxide (H202) production was
studied and the influence of heteroatoms and active groups on their performance and
their catalytic mechanism were explored.

In Chapter 3, three kinds of platinum graphyne materials, TEPB-Pt-GY, TEPT-
Pt-GY, and F-Pt-GY were reported. Similarly, the synthesis method, structural and
performance characterizations were conducted to study their chemical structures,
crystal structures, and electronic structures as well as the influence of heteroatoms and
active groups on their related structures and properties. What’s more, their resistive
random access memory (RRAM) performance was investigated.

In Chapter 4, four kinds of nickel graphyne materials, TEPB-Ni-GY, TEPT-Ni-
GY, NH>-Ni-GY, and F-Ni-GY were examined. The synthesis method, structural and
performance characterizations were introduced and the influence of heteroatoms and
active groups on their chemical structures, crystal structures, and electronic structures
were analyzed. Finally, their performance in the application of photocatalytic carbon

dioxide reduction was studied.
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Chapter 1

Introduction

Metallated graphyne-based materials

Low-dimensional (2D) materials, possessing unique chemical and physical
properties, have collected a great deal of interests among researchers in recent years
because of their excellent properties and intriguing applications in the field of science!-
3. Since the first report of graphene in 2004*, the area of the 2D materials referring to a
material in which electrons can only move freely (planar motion) on the nanoscale (1-
100 nm) in two dimensions was revolutionized due to their outstanding performance.
Such materials include boron nitride (BN), molybdenum disulfide (MoSz), tungsten
disulfide (WS2), black phosphorus (BP), MXene and silicene>¢. Recently, many efforts
have been made on graphyne-based materials which are regarded as an allotrope of
carbon due to their excellent characteristics”. Theoretical investigations on graphyne-
based materials have been long promoting groundbreaking progress on the relevant
experimental synthesis. Baughman'® and co-workers firstly named “graphyne” with
graphyne-based materials in 1987, estimating its periodic structure, mechanism and
electronic characteristics. These innovation materials can be divided into graphyne,
graphdiyne (GDY) and graphyne-n (n > 2) according to the quantity of acetylenic units.

Very recently, the first large-area GDY films were prepared successfully through



chemical protocol in 2010'!. GDY combining two types of carbon atoms of sp- and
sp-hybridized carbon enables itself unique characteristics from graphene even though
it has substantial similarity to graphene in the matter of highly n-conjugated structure,
2D hexagonal scaffold and ordered porous structure. In addition, such flat carbon
networks can be constructed containing a variety of micro-structures with different
acetylenic ligands, resulting in a broader diversity than 2D inorganic materials'>!3. As
best known, inorganic nanosheets can be exfoliated by using mechanical or chemical
means to individual monolayer with thickness of less than 1 nm. In contrast, 2D organic
framework such as metal-organic nanosheets (MONs) and covalent organic nanosheets
(CONs) which are composed of ionic and molecular units through a bottom-up way are
less well established!*'6. The preparation of molecule-based nanosheets connected by
carbon—carbon bond is still a challenge. On the other hand, all-carbon materials also
have their own shortcomings, such as single performance and difficulty in
refunctionalization because they just possess C element and C atoms are in a saturated
state, which limit their performance as well as hinder their further modification.

Given this background, metal elements regarded as a new entity for
functionalization can be introduced into the skeleton of GDY. Alkynyl-metal networks
formed from metal-acetylide bonds: —-C = C-M-C = C- (M = metal or metal complexes)
were proposed as versatile units to form metallated graphynes (MGY's) due to their
intriguing electronic properties'”-!®. With previous investigations, it is known that

metal-acetylide bonds are much more stable than metal-aryl bonds with the knowledge



that the M—C bond with sp-hybridized carbon has the largest strength than that with
sp>- and sp-hybridized carbon due to the increased properties of carbon based hybrid
orbitals'. Thus, this prospective network might improve the covalent character of 2D
metal-organic materials. In addition, the reaction rate of dehydrohalogenative coupling
between metal complex and alkyne hydrogen bond is the lowest among above three
type of M—C bonds, allowing MGY to possess more thermally stable structures®.
Moreover, density functional theory (DFT) indicates that 2D metal-acetylide networks
with specific metal ions or functionalized organic ligands are magnetic organic
topological insulators, which possess semi-metallic properties. The first principles DFT
calculations in previous investigations have demonstrated the mechanical and thermal
stability and photoelectric properties of N-, B-, P-, Al-, As-, and Ga-graphyne-based 2D
networks?!'. However, related theoretical and experimental investigations on MGY's are
still in their infancy. Fabrication of MGY nanosheets was proposed with the bottom-up
protocol including on-surface synthesis and interface-assisted synthesis, resulting in
metal-assisted MGY nanosheets and free-standing MGY nanosheets, respectively.
However, less reported investigations have been made on MGY's successfully with both
methods. In this context, significant features of MGY's such as electronic characters, in
particular, the bonding nature of the metal-acetylide bonds in MGY's remain almost
unexplored.

In light of the above, Sun?? et al. explored the preparation of 2D -C=C-Au-C=

C— metallic organic frameworks through high-resolution scanning tunneling



microscope (STM) via the reaction of dehydrohalogenative coupling of alkynyl
bromides on Au(111) surface. Besides, Ag-bis-acetylide networks with -C=C-Ag-C
= C- units were synthesized by Yang on Ag(l11l), forming a 2D organometallic
scaffold®®>. However, with further annealing on Au(111), this 2D organometallic
scaffold can be converted into the corresponding GDY, while this network keeps its
structure complete on Ag(111) even at a rather high temperature. In addition, Zhang?*
et al. illustrated an organometallic honeycomb alkynyl-silver networks that were
prepared with the gas-mediated surface method under ultrahigh vacuum conditions on
Ag(111), affording a micrometer domain size. The above studies were all conducted by
STM method, by which materials cannot be isolated from the substrates so that it is
difficult to explore their physical and chemical properties. Xu?’ et al. reported firstly
two free-standing mercurated graphyne nanosheets with chemical experimental
protocol through the interface-assisted method and introduced these materials into
optical devices directly. Such research is a breakthrough in the field of 2D MGYS
because free-standing MGY's synthesized by this method can be easily isolated and thus
can be explored thoroughly on their properties. At this stage, little research has been
conducted in this field. Therefore, there are still shortcomings such as lack of diversity
in chemical structures, unclear crystal structures, and ambiguous mechanisms between
structure and performance.

In this project, different kinds of MGYs will be prepared by dehalogenative

homocoupling reaction to enrich the category of MGY's to systematically investigative



their structures and potential properties. Factors affecting their structures and properties,

such as ligand species, heteroatoms and active groups will also be explored.
1.2 Methodology

Generally, MGYs can be prepared by three chemical methods including the on-surface
assisted synthesis, the interfacial synthesis, and the solvothermal synthesis. The on-
surface synthesis means that the chemical reaction happens on a substrate which can
provide a platform for the reactions, thus resulting in films of good quality but low yield.
What’s more, it is not easy to transfer the obtained films from the substrate, which make
it difficult to do more exploration on the films. For the interfacial synthesis, films can
be synthesized on the interface of liquid and liquid or gas and liquid. Such method can
result in free-standing films which can be easily studied and applied. The solvothermal
synthesis is that reactions can be conducted in a Pyrex tube. This method is easier than
the other two methods and can achieve a high yield. Here, three methods will be

generally introduced.

1.2.1 On-surface synthesis

On-surface chemistry can also be regarded as 2D chemistry, which can provide a
great method to prepare defined structures from bottom-up strategy?®. Recently, on-
surface synthesis has been rapidly advanced with the aim of fabricating covalently
interlinked low-dimensional nanostructures, and a number of well-known chemical
reactions have been explored on different metal surfaces®’-*. As shown in Figure 1.1, a

commonly adopted protocol of on-surface synthesis is to trigger reactions among pre-



adsorbed monomers on a metal substrate under an ultra-high vacuum (UHV) chambers,
whereby the monomers are in equilibrium with the substrate?®. The metal surface can
not only act as a platform for the self-assembly of the absorbates but also sometimes
act as a catalyst for the reactions. Recently, a collection of different reactions including
imine formation reactions, dehalogenation reactions, and dehydrogenation reactions
have been reported to be suitable for the on-surface synthesis®’. As a result, various
carbon or carbon-rich nanostructures have been successfully constructed on surfaces,
such as fullerene, graphene nanoribbons, nanographene, polyphenylene chains and

other low-dimensional nanostructures>".

Sublimation
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Op @ ®, ﬁ
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Surfaces : Metallic, Thin Insulating Surfaces

Figure 1.1 Schematic representation of an on-surface synthesis process®.

Among these reactions, dehalogenation reaction has proven to be one of the most
efficient ways to carry out the C—C homocoupling reaction among reactants with
predefined C—X groups (X stands for halogens), resulting in controllable formation of
different carbon scaffoldings®'. However, forming extended covalent or 2D
organometallic architectures through on-surface process remains challenging. On the

one hand, it is mainly limited by the simultaneous multiple reaction channels, which



can cause undesired side reactions at high temperatures*. In addition, the irreversibility
of the covalent C—C and C—M bond formation precludes the networks from self-
ordering. More recently, dehydrogenative homocouplings of terminal alkanes®,

alkenes®, and alkynes®

have been demonstrated with on-surface synthesis as
dehalogenative homocouplings of alkyl and alkenyl can halogenate the activity of C—H
bond. Generally, from the comparison of on-surface dehydrogenative C—C couplings
with alkanes, alkenes, and alkynes halides, the last one is more inclined to yield higher
selectivity and fewer byproducts because the cleavage of C—X bond in alkynes is
relatively facile on metal surface. Therefore, dehalogenative homocouplings of alkynyl
(sp'-carbon) halides on metal surface have been considerate as a promising strategy to
form high-ordering MGY frameworks.

Yang?? et al. reported dehalogenative C—C coupling reactions of terminal alkynyl
bromides in 2018. They reported an organometallic Ag—bis-acetylide (—C=C—Ag—
C=C-) network which is woven from the newly designed 2,4,6-tris(2-bromoethynyl)-
1,3,5-triazine (Br-TET) on Ag(111) and revealed a 2D delocalized unoccupied state
along the bonds of -C=C—-Ag—C=C- with the help of STM and DFT calculations. In
2020, another large-area metallated graphyne-based networks were also designed and
synthesized by Yang? et al. through dehalogenative homocouplings of 1,3,5-tris(2-
bromoethynyl)-benzene (Br-TEB) on Ag(111) and they comprehensively studied the

growth mechanism of on-surface chemistry, the crystallization, and the electronic

properties of the Ag—bis-acetylide networks, which shift a new sight for the formation



of MGYs and their property exploration. What’s more, a novel binodal organometallic
network was demonstrated by Liu*® et al. with the stepwise dissymmetric
dehalogenative homocoupling reactions of 1,4-dibromo-2,5-diethynylbenzene (2Br-
DEB) on Ag(111), which is also an inspiring work to help expand the family of MGYs.

However, it has been proved that the formation of ordered -C=C-M-C=C-
structures at large scales by dehalogenation homocoupling reactions remains
challenging. Herein, Zhang?* et al. modified the on-surface chemistry and reported the
fabrication of —C=C-Ag—C=C- bonded honeycomb networks by performing
dehydrogenation reactions from 1,3,5-tris(4-ethynylphenyl)-benzene (Ext-TEB) at the
micrometer level via a gas-mediated approach on Ag(111). The employed gas-mediated
protocol features a low-temperature deprotonation step and the absence of halogens.
They also found that molecular Oz can efficiently deprotonates terminal alkyne groups
of Ext-TEB at a low temperature.

These findings supplement the database of on-surface homocoupling reactions
with terminal alkynyl bromides or terminal alkyne. More importantly, it may pave the
way to the ultimate goal of fabricating MGYs that integrates sp? and sp'-hybridized
carbons with metal centers. However, the above 2D MGY-based networks were all
proposed on the metal substrates and thus cannot be physically isolated easily from
substrates. Therefore, they are very difficult to be used in devices. So, one of the present
challenges for the preparation of MGYs is to develop methods which can form free-

standing organometallic networks with large-area and high-quality.



1.2.2 Interfacial synthesis

Interfacial synthesis, can also be called “interfacial polymerization”, was initially
performed by Huang®’ et al., which can be used as a convenient and versatile template-
free process to fabricate pure and uniform low-dimensional materials. In general,
interfacial chemistry is performed at the interface of two immiscible phases of
hydrophilic and hydrophobic liquids. In such method, two reactants are dissolved in the
two phases, respectively, and are confined at the interface to form new product, which
is advantageous in terms of improved reaction kinetics, higher yields, and selectivity.
What’s more, the liquid/liquid interface formed is stable, thus resulting in controllable
synthesis through localized polymerization reaction upon the contact between two
reactants. In addition to the liquid/liquid interfacial protocol, others including liquid-
solid, vapor-solid, and vapor-liquid interfaces have also been reported and thus the

interfacial synthesis can be classified into four types as shown in Figure 1.2.

Figure 1.2 Typical interface systems of interfacial synthesis®.

Interfacial chemistry is an efficient protocol to fabricate a wide variety of bottom-



up nanosheets. Recently, two types of interfacial synthesis including liquid/liquid and
gas/liquid interfaces have been reported to lead to the carbon-carbon formation by
Matsuoka®” et al., resulting in a high-ordering crystalline GDY nanosheet. Inspired by
this context, Xu et al. demonstrated two new large-area free-standing MGY
organometallic nanosheets (MGONSs) generated at the liquid/liquid interface of an
aqueous solution of HgCl> and a hexane solution of the organic ligands, as shown in
Figure 1.3. The ligands of tris(4-ethynylphenyl)-amine (L1) and 1,3,5-
triethynylbenzene (L2) were used to synthesize MGONs (HgL1 and HgL.2) by the base-
catalyzed dehydrohalogenation reactions. These large-area continuous nanosheets with
controllable thickness and high transparency can be transferred on the optical glass and
other substrates and can be directly applied as free-standing films in optoelectronic
devices. On the other hand, comprehensive characterizations were used to study their
chemical structure, morphologies, and properties. For example, FTIR, solid *C-NMR,
XPS, and DFT simulation were performed to study their chemical structures.
Furthermore, TEM, SEM images, and AFM were used to display their 2D structures.
At last, UV—Vis and PL were used to explore their light absorbance property and band

structures.
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S mm

Figure 1.3 Synthesis of HgL1 and HgL2 nanosheets®. (a) Multi-layer HgL 1 nanosheets
generated at the liquid/liquid interface. (b) A photo of HgL1 nanosheets on a slide glass.
(c) Multi-layer HgLL.2 nanosheets generated at the liquid/liquid interface. (d) A photo of

HgL 2 nanosheets on a slide glass.

In 2022, a series of metalloporphyrin-linked mercurated graphynes nanosheets
(Hg-MTPP, M = Mn, Fe, Co, Ni, Cu, and Zn) were reported, which can be synthesized
via liquid/liquid and gas/liquid interfacial method, as shown in Figure 1.4. In this work,
multilayer nanosheets were synthesized at the interface of dichloromethane solution of
the organic ligand of metal-porphyrin (MTPP) and the deionized water solution of
HgClz. For the few-layer nanosheets prepared with gas/liquid interfacial method, the
water solution of HgCl> was added into a vial firstly and then a small amount of
dichloromethane solution of the metal-porphyrin (MTPP) was sprinkled gently on the

surface of the aqueous phase. Hg-MTPP nanosheets were obtained on the surface after

11



spontaneous evaporation of the organic solvent. Their chemical structure and
morphologies were studied using FTIR, Solid '*C-NMR, Raman, AFM, and TEM

image.

Figure 1.4 Synthesis and the photos of the of Hg-MTPP nanosheets via (a) liquid/liquid
(L/L) and (b) gas/liquid (G/L) methods*.

1.2.3 Solvothermal synthesis

Solvothermal synthesis is initially a method of producing chemical compounds, in
which a solvent containing reagents is put under a high pressure and temperature
condition in an autoclave*!. In such conditions, many substances could dissolve better
in the same solvent than at standard conditions, which enables reactions that would not
otherwise occur and lead to new compounds or polymorphs. Solvothermal synthesis
has been used to prepare a wide variety of materials including metal organic
frameworks (MOFs)*, covalent organic frameworks (COFs)*, titanium dioxide**, and

graphene®, and other materials. Among them, solvothermal synthesis is the most

12



preferable method being used in approximately 70% of published works on MOFs and
COFs.

In this field, a general synthetic protocol of solvothermal synthesis can be
described in Figure 1.5. First, the mixture of appropriate monomers, catalysts, and
solvents or mixtures of solvents are placed in a Pyrex tube with an appropriate volume.
Subsequently, the mixture is sonicated for a short time, degassed through a freeze-
pump-thaw cycle, sealed, and maintained at the appropriate temperature for a certain
period. After the reaction is completed, the tube is cooled at room temperature and the
products were collected by centrifugation or filtration, followed by washing them with
appropriate solvents at room temperature or extraction by Soxhlet to exchange for high
boiling point solvents or remove the unreacted monomers or oligomers. Finally, the
product was dried under vacuum at 80—120 °C and stored in the dark under nitrogen or

argon protection.
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Figure 1.5 Schematic diagram of solvothermal synthesis protocol*S.
Such method is beneficial to modify the crystallinity of porous materials on a large
scale. Here, this method will also be adopted in preparation of MGYs. Up to now, just

several kinds of MGYs have been reported and explored. Among them, Hgl.1, HgL.2

13



and Hg-GY MTPP nanosheets reported by Xu et al. have been successfully synthesized
via two methods including interfacial method and solvothermal synthesis protocol*’.
For the solvothermal synthesis, the mixture of MeOH solution of HgClz and organic
ligand in CH2Cl2/EtsN mixed solvent (4:1, v/v) was sealed in a tube after three times of
freeze—pump—thaw cycles and was stirred at room temperature for 7 h. The porous
products were obtained with a high yield of 93%. Such method can provide high yield

of products, which is very beneficial to explore their electronic properties and study

their applications.

1.3 Structures and properties

GDYs with the introduction of metal-bis-acetylide bonds, which integrate the
advantages of both GDY and metal centers, should theoretically have many intriguing
properties including unique layered structure, variety of components, controllable
thickness, high exposure of active sites, and flat m-conjugated electronic properties.
However, to our knowledge, related research of MGYss is still in its infancy up to now.
Just few kinds of MGY's have been successfully designed and reported and there are
limited discussions on their properties of MGY nanosheets. Here, we will provide a
brief overview on the properties of the existing MGYs. In the very early stages, MGY's
were mainly prepared via on-surface chemistry combined STM and DFT calculations.
Therefore, only few structures were designed and successfully synthesized, as shown

in Figure 1.6.
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Tann = 250 K d
Ag(111)

Figure 1.6 Structures of MGY's prepared on the metal surface. (a) Structure of TET-Ag
network??. (b) Structure of TEB-Ag network??. (c) Structure of Ext-TEB-Ag network?>*.

(d) Structure of the binodal DEB-Ag network>®.

In general, the chemical structural properties of the resulting MGY nanosheets
were mainly discussed, while the electronic properties, in particular, the bonding nature
of the involved metal-bis-acetylide bonds on metal surfaces, remained mostly
unexplored. The surface chemistry, growth mechanism of metal-bis-acetylide networks
on metal surfaces are so far not well studied and hence the suitability of the metal-bis-
acetylide networks for application as 2D materials also remained mostly unexplored.
Given this background, Yang et al. reported a well-ordered organometallic network with
Ag-bis-acetylide (TET-Ag organometallic network) bonds, as displayed in Figure 1.6a

and its electronic properties was studied in detail. They found that such networks are
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metallic and that the effect of n-doping makes the conduction band (CB) shift below
the Fermi energy of Ag(111). What’s more, STM and DFT reveal 2D delocalized
unoccupied states within the framework along the Ag-bis-acetylide bond, illustrating
its characteristics of hybrid covalent and ionic bonding. However, their surface
chemistry and growth mechanisms have not been well studied to date. Herin, Yang et
al. demonstrated another Ag-bis-acetylide MGY-based framework (TEB-Ag MGY)
with high degree of m-conjugation in large-area domain, as shown in Figure 1.6b. In
this work, related properties including the crystallization, the topological defects, the
delocalized unoccupied electronic states, and the site-specific doping were discussed
using STM and DFT calculation. As shown in Figure 1.7, dI/dV spectra (Figure 1.7a)
combined STM (Figure 1.7b and 1.7¢) clearly displayed the surface state (orange line)
and resonate state (S1 and S2) corresponding to the center of the pores and TEB
backbones and Ag atoms, respectively, which revealed a delocalization of electronic
state along TEB-Ag-TEB bridge. The DFT calculation revealed the band structure of
Fermi level and CB positions, which shows an interesting feature that both Both &,
and m, bands show Dirac-cone-like crossings with a linear band dispersion around
each k point (k point, a bloch vector, is used to sample the Brillouin zone. Converging
this sampling is one of the essential tasks in many calculations concerning the electronic

minimization.) (Figure 1.7d).
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Figure 1.7 Electronic properties of the TEB-Ag organometallic network®. (a) dI/dV

spectra recorded across the TEB—Ag—TEB bridge as indicated in (b). (b) STM image.
(c) the corresponding dI/dV map recorded around the S1 state (U = 1.0 V). (d)
Calculated spin-polarized band structures by DFT of the TEB-Ag network. The blue
(red) lines show the spin-up (spin-down) bands. The bottom graphs highlight the bands

around the Fermi level.

To delve deeper into some other properties, Zhang et al. designed and synthesized
a highly regular single-layer honeycomb network with -C=C-Ag-C=C-bond in a
micrometer domain size via gas-mediated surface reaction, as displayed in Figure 1.6c.
In this work, they found that Oz can efficiently trigger this reaction and confirmed its
chemical structure using XPS and DFT calculation. What’s more, a novel binodal
organometallic network (Figure 1.6d) was designed and synthesized by Liu et al. via a
stepwise activation strategy on Ag(111) and the mechanism of stepwise reaction and its
electron distribution were studied by STM and DFT. These results demonstrate that
asymmetric reactions can be used to control the surface preparation of complex and

ordered nanostructures effectively.
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Therefore, preparation of the easily exfoliated or free-standing MGYs still faces
challenges and needs urgent research. Given this context, scientists have made great
efforts to solve this problem and have achieved some accomplishments. Several kinds
of free-standing MGY's have been designed and successfully synthesized up to now, as

shown in Figure 1.8.
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Figure 1.8 Structures of MGY's prepared by interfacial synthesis. (a) Copper-metallated
conjugated acetylenic polymers*’. (b) Cobalt metallated graphdiyne. (c) Mercurated
graphyne organometallic nanosheets*®. (d) Metalloporphyrin-linked mercurated

graphynes*’.

To fabricate large domain size of MGY's, Zhang et al. reported a solvent-mediated
method of large-area copper (Cu)-metallated GDY by a wet-chemistry on Cu foil
surface under ambient conditions. They demonstrated two kinds of Cu-metalation
frameworks (Cu-PTEB and Cu-PTFTEB, shown as Figure 1.8a) and confirmed their
structures with Raman, FTIR, XPS, and EDX characterizations. The optical absorption
and the band structure properties of Cu-PTEB were explored using UV—Vis and UPS

characterizations, as shown in Figure 1.9. It is reported that Cu-metalation in the
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framework can efficiently enhance its light absorption edge with a narrow band gap.

What’s more, the electric conductivity can also be significantly improved with Cu-

metalation.
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Figure 1.9 Optical absorbance and band structure of Cu-PTEB. (a) UV—Vis absorption

spectrum. (b) Tauc’s plot. (¢c) UPS spectrum. (d) Band structure diagram of Cu-PTEB

compared with that of PTEB andg-C3N4*’.

A free-standing MGY named Co-GDY (Figure 1.8b) was demonstrated by Zhang

et al. via an interface-assisted approach, reported such nanosheet as a semi-metallic

material, and explored its ferromagnetism from the experimental level combined with

DFT calculation. Recently, our group firstly reported a new class of multifunctional 2D

mercurated graphyne organometallic nanosheets (HgL.1 and Hgl.2, as shown in Figure

1.8c) and studied their nonlinear optical properties (NLO) and followed by the report

on a series of metalloporphyrin-linked MGY's and exploration of their electrochemical

properties (Figure 1.8d).
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1.4 Applications

1.4.1 Nonlinear optics

Nonlinear optics (NLO) is a branch of modern optics that studies the nonlinear
phenomena and applications of media under the action of strong coherent light.
Studying NLO is of great significance to the development of laser technology,
spectroscopy, and material structure analysis. The research and development of NLO
materials has greatly promoted the development of related applications such as data
processing, optical switching, and optical communications. It is worth noting that with
the rapid development of laser technology, human demand for high-performance optical
power limiting (OPL) devices is increasing to deal with the damage of laser pulses to
human eyes and sensitive optical components. Additionally, among various OPL
mechanisms, reverse saturable absorption (RSA) and two-photon absorption (TPA) are
two popular paradigms, and the Z-scan method is the most common technique to study
the OPL performance®. In this context, metallated polyynes have been proven to be an
attractive NLO material because the metals in the conjugated skeletons feature occupied
d-orbitals that can enhance their conjugation effect and thus improve the polarizability.
In addition, heavy metal effects can enhance the intersystem crossing from Si to T
states to amplify the NLO response. Herin, Xu et al. designed two kinds of photo-
functional MYGs (HgL1 and HgL2) and studied their nonlinear saturable absorption
(SA) properties and applied them into the optical device of passively Q-switching

(Figure 1.10).
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Figure 1.10 Passively Q-switched properties of HgL1 and HgL2?°. (a) Output power
of HgL1 (the inset is the laser emission spectrum). (b) Pulse width and repetition
frequency of HgLL1. (¢) Output power of HgL.2. (d) Pulse width and repetition frequency
of Hgl 2.

Q-switching is a technology to generate a pulse with an ultra-short pulse width and
a high peak power. In optics, mode-locking is an optic technique by which a laser can
be made to produce pulses of light of extremely short duration. Compared with mode-
locking, Q-switching can give a laser with a much larger pulse energy. In this work, the
NLO properties of the nanosheets were investigated under excitation wavelengths at
both 532 and 1064 nm using the Z-scan technique. Interestingly, both nanosheets
showed optical switching behavior of SA and Hgl.2 nanosheets exhibit better pulse
properties. This work reveals that MGY materials can not only become a new functional
2D carbon-rich material, but also have fascinating properties and application prospects,
which will be helpful in the future design of various optoelectronic materials and

devices.
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1.4.2 Catalysis

Energy conversion technology has attracted great attention from the scientific
community facing the global problem of energy crisis that affects the sustainable
development of human society. In the process of energy conversion, catalysis, such as
photocatalysis, electrocatalysis and photoelectrocatalysis, plays a decisive role and can
effectively convert electrical energy and light energy into chemical energy. It is noted
that organometallic polymers have been widely applied in organic light-emitting diode
(OLED), organic solar cell (OSC) and organic thermoelectric (OTE) devices, which
illustrates the huge applicability of metallization systems in the mutual energy
conversion®®. Accordingly, MGYs have a great potential for catalysis because such
materials possess well-defined skeletons and discrete pores with metal ions
homogeneously distributed in the skeleton, which has great significance for improving
the selectivity of catalytic reactions.

The development of photocatalysts is of great significance for artificial
photosynthesis and light energy conversion®'. In nature, chlorophyll arrays have a well-
defined wheel-like structure that efficiently collects light and transfers energy to
reaction centers in photosynthetic systems. Inspired by this principle, synthetic
chemists design artificial photocatalytic systems by organizing chromophores into
ordered extended structures. MGY's are characterized of integrating various  units into
extended ordered structures, which are expected to serve as an excellent platform for

designing photocatalysts. HgL1, one of the first two free-standing mercurated
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graphynes has a strong light absorbance and suitable band structure, while the fast
carrier recombination renders its performance for photocatalysis. Therefore, Zhao et
al.” constructed HgL 1 with carbon dots to form a CDs/HgL1 composite to improve its
photocatalytic properties and found that such composite achieved a good performance
for the H202 photoproduction with a rate of 800 umol h™! g™!. The role of CDs for
boosting the activity revealed that CDs can change the surface from hydrophobic to
hydrophilic and participate in the entire photocatalytic reaction. Besides CDs can
accelerate electron-hole separation and migration and improve redox activity, thereby

promoting the photocatalytic production of H202 (Figure 1.11a).
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Figure 1.11 Application illustration of MGYs. (a) Photocatalytic H2O2 production with

CDs/HgL1 composite®?. (b) electrocatalytic CO2RR with Hg-CoTPP*. (c) PEC-HER
with Cu-PTEB photocathode®’.

Electrocatalysis is another way of energy conversion, which is the conversion
between electrical energy and chemical energy. The conductivity of electrocatalysts is

a key factor in determining the kinetics and efficiency of catalytic systems. Molecular
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catalysts provide strategies to modulate catalytic activity by changing the types of metal
ions and organic ligands>*-**. Therefore, MGYs integrating organic ligands and metal
ions in a framework can be regarded as a particularly promising electrocatalyst. Fang
et al. developed a metalloporphyrin-linked mercurated graphynes with Co active sites
with good conductivity. The as-obtained Hg-CoTPP showed a good performance for
electroreduction of CO2 to CO (CO2RR) with the CO faraday efficiency (FE) of 95.6%
at —0.76 V and CO FE of over 90% even at —1.26 V in an H-type cell (Figure 1.11b).
What’s more, the DFT calculations revealed that Co as the metal center act as the active
site for CO2RR and the introduction of mercurated graphyne block into Hg-MTPP can
effectively improve selectivity because it helps reduce the overpotential of CO2RR but
increases the overpotential of hydrogen evolution reaction (HER). This study provides
a feasible approach to design electrocatalysts at the molecular level to achieve high FE
and high current density.

Since a photoelectrochemical (PEC) system using TiO2 as an electrode to split
water was reported by Fujishima and Honda, photoelectrochemistry has increasingly
been recognized as a leading method for converting solar energy into energy>. So far,
there have been some breakthroughs in the PEC HER through enhancing light
absorption, charge transfer, and charge separation in PEC devices*®. However, less
attention has been paid to designing photoelectrocatalysts at the atomic level to promote
catalytic reactions on the photoelectrode surface®’. The lack of mechanism research at

this level has largely hindered the improvement of the overall light energy conversion

24



efficiency of the PEC system. In this case, Zhang et al.*’ designed a conjugated 2D Cu-
metalated materials and reported that Cu-PTEB with an enhanced conductivity of 8.7
x107° S cm™! can achieve a high hydrogen-evolution photocurrent density of 22 mA
cm 2 at 0.3 V (Figure 1.11c). This work reveals that metal atoms help tune the intrinsic
electronic properties of carbon-rich materials, which will be expected to enrich their
potential applications in different fields, not only for photocatalysis but also for the

study of their optoelectronic devices.

1.5 Target of work

Based on the research background, in this project, different kinds of MGY's will
be prepared by base-catalyzed dehydrohalogenation reactions to enrich the category of
MGYs so as to systematically investigate their potential properties and applications.
Factors affecting its structure and properties, such as ligand types and heteroatoms are
also explored.

Firstly, transition metals (such as Hg, Pt, and Ni) as metal functional units will be
introduced into the skeleton of GDY's to obtain a series of novel MGYs that integrate
both the advantages of metal centers and graphynes. Secondly, heteroatoms (such as N,
F, Cl, etc.) with selected organic ligands are proposed to be introduced into the
frameworks of MGYs to adjust their related properties. Finally, their applications in
photocatalysis, electrocatalysis, and memory devices will be explored.

The catalytic activity and selectivity of MGY's may be regulated by organic ligands,

heteroatoms, and metal units, resulting in the adjustment of the energy level of
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molecular orbital. Moreover, the n-n interaction between layers of MGY's as well as the
carrier mobility will also be investigated. With the help of in-situ characterization
technology and theoretical simulation calculation, the relationship between the catalytic
performance and the interfacial mass transfer, charge dynamics process, the
coordination structure and electronic state structure of catalytic center will be explored.
It is expected that the combination of such unique chemical structure with improved
mechanical processability and intriguing photoelectric properties are beneficial for the

future design and application of MGYs.
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Chapter 2
Synthesis and Properties of Mercury Graphynes and Application

Studies in the H.0O. Photoproduction
2.1 Introduction

Graphyne-based materials have been revolutionized since the successful isolation
of graphdiyne (GDY) in 2010"2. Such materials characterized by a porous two-
dimensional (2D) structure possess sufficient surface for the anchoring of single atoms,
which is beneficial to improve the selectivity and activity of catalytic performance?”.
However, the controllable preparation of GDY-based materials confining single atoms
remains a huge challenge due to the inhomogeneous structures and unstable active sites,
thus a comprehensive understanding of the catalytic mechanism at the atomic level
from an experimental perspective is still lacking®. In recent years, scientists found that
the transition metal elements as a new form of molecular functionality can be
introduced into the skeleton of GDY to form metallated graphynes (MGYs) that feature
definite metal-bis-acetylide bonds (—-C=C-M—-C=C-), which can achieve controllable
distribution of single metal atoms’!2. Subsequently, a series of MGYs (M = Au, Ag,
Hg, Cu, and Co) have been successfully explored and proven to be a novel class of
functional 2D materials integrating the advantages both of graphyne and metal centers,
thus gaining a wide range of applications in room temperature ferromagnetism!'3,
optical devices'¥, and catalysis'>"!7.

Among these MGYs, a variety of mercury graphynes (Hg-GYs) have been
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prepared with large scale as efficient electro- and photo-catalysts. It is noted that tris(4-
ethynylphenyl)amine-linked Hg-GYs combined with carbon dots can achieve an
efficient photocatalytic H202 production by oxygen reduction reaction (ORR)!. In
addition, the blocks of Hg(Il)-alkynes in metalloporphyrin-linked Hg-GY's exhibit an
obvious inhibition of hydrogen evolution, thus effectively improving the selectivity of
the catalytic reaction'”. However, the overall H2O2 ORR and water oxidation reaction
(WOR) without additives is regarded as a more competitive research because it is a
green catalytic process that can achieve 100% utilization efficiency of atoms and energy
with Oz and H2O'82!, Therefore, it is imperative to rationally design MGYs to achieve
overall H2O2 photoproduction and reveal its detailed catalytic mechanism.

Based on such previous research, we proposed to utilize different kinds of organic
ligands to expand the variety of Hg-GYs. On the other hand, utilization of selected
organic ligands is an effective way to introduce heteroatoms or active groups into the
framework of Hg-GYs. It is understood that the introduction of heteroatoms and active
groups can optimize the electronic properties in terms of electron distribution and
charge migration by adjusting the conjugation and bonding environment. For instance,
several studies have shown that heteroatoms (N, F, B, or S)?>** or amino groups*%’ co-
doped graphene has surprising catalytic activities. Such proposals are expected to
effectively enrich the family of Hg-GY's and their properties and applications. However,

a comprehensive understanding of how specific structural features affect each step in

photocatalytic H2O2 production with MGYs is still unexplored, especially how to
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achieve controllable charge migration during the catalytic process, while such
information is vital for the rational design of efficient solar-driven H202 production
systems.

Herein, we reported a series of Hg-GYs (TEPB-Hg-GY, TEPT-Hg-GY, NH»-
Hg-GY, and F-Hg-GY) and studied their chemical structures, crystal structures, and
electronic structures and explore their performance toward H202 photoproduction. It
was found that the introduction of heteroatoms or active groups has little effect on their
morphologies but has a great impact on crystallinity and electronic properties. At last,
we found that the aminated mercury graphynes (NH2-Hg-GY) bearing suitable band
structures and separated redox centers. NH2-Hg-GY exhibits a high efficiency toward
photocatalytic H202 production via the dual-channel pathway under visible-light
irradiation (A > 420 nm) in pure water and open air. Notably, comprehensive
experiments combined with density functional theory (DFT) calculations indicate that
controllable charge carrier migration is achieved during multiple catalytic processes
and illustrate that the two-step 2e” ORR occurred on the benzene ring while the one-
step 2h" WOR occurred on the acetylene. As a result, NH>-Hg-GY exhibits an H20:
yield of 1276.4 pmol h™!' g™! from pure water and air atmosphere and even achieves a
higher yield of 2112.6 umol h™' g! in a saturated Oz atmosphere. In contrast, the
comparative catalyst without amino groups (TEB-Hg-GY) shows no activity for the
same photocatalysis. In addition, DFT calculation reveals that the amino group and

Hg(1II) ions can efficiently alter the energy landscape, in which the amino groups are
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very helpful in accelerating the separation of photogenerated electron-hole (e™— h*)
pairs and the Hg(Il)-alkyne blocks can suppress the hydrogen revolution efficiently.
This work reveals the mechanism involving of MGY for the overall photocatalytic H202
production, providing a general guidance for the design of more competitive

photocatalysts.

2.2 Synthesis and characterization of mercury graphynes

2.2.1 Synthesis of organic ligands

The synthetic routes of the designed organic ligand (TEPB, TEPT, TEBA, and

TEFB) as shown in Figure 2.1.
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Figure 2.1 Synthetic routes of the organic ligands of (a) TEPB, (b) TEPT, (c) TEBA,

and (d) TEFB.
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For the ligands of TEPB, TEPT, TEBA, and TEFB, their synthetic routes are
almost the same. For the TEPB, the ligand of 1,3,5-tris[4-
(trimethylsilyl)ethynyl]phenyl]benzene was synthesized from the reaction of 1,3,5-
tris(4-bromophenyl)benzene and trimethylsilylacetylene according to the modified
Sonogashira coupling reaction®®. Then the trimethylsilyl group was then removed to
form the as-designed ligand of 1,3,5-triethynyltriphenylbenzene (TEPB). Similarly, the
ligands of 2,4,6-tris(4-ethynylphenyl)-1,3,5-triazine (TEPT), 2,4,6-
triethynylbenzenamine (TEBA), and 1,3,5-triethynyl-2,4,6-trifluoro-benzene (TEFB)
were synthesized using the same method. The structures of TEPB, TEPT, TEBA, and
TEFB were characterized by 'H NMR, '3C NMR, and MS (the details are shown in
Chapter 5).

2.2.2 Synthesis of mercury graphynes

The synthetic routes of the mercury graphynes are shown in Figure 2.2. TEPB-
Hg-GY, TEPT-Hg-GY, TEBA-Hg-GY, and TEFB-Hg-GY were synthesized from
the ligands of TEPB, TEPT, TEBA, and TEFB, respectively via the base-catalyzed
dehydrohalogenation reactions for 72 h according to the previous literature method'*

(the details are shown in Chapter 5).
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Figure 2.2 Synthetic routes of the Hg-GYs of (a) TEPB-Hg-GY, (b) TEPT-Hg-GY,
(c) NH»>-Hg-GY, and (d) F-Hg-GY.
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2.2.3 Characterization of mercury graphynes

The chemical structures of four Hg-GYs were characterized by FTIR, solid-'>C
NMR and XPS spectroscopy as well as their crystal structures were characterized by
the PXRD pattern, and their morphologies were characterized by TEM technique. FTIR
spectra of TEPB-Hg-GY, TEPT-Hg-GY, NH2-Hg-GY, and F-Hg-GY and their
corresponding organic ligands of TEPB, TEPT, TEBA, and TEFB were measured and

are shown in Figure 2.3.
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Figure 2.3 FTIR spectra of (a) TEPB-Hg-GY, (b) TEPT-Hg-GY, (c) NH,-Hg-GY,
and (d) F-Hg-GY.
It can be seen from all the FTIR spectra that the peaks at about 2133 cm! in the FTIR

spectra of Hg-GY's showed the presence of —C = C—bond. What’s more, the sharp peaks

at 3310-3070 cm™! in the FTIR spectra of the organic ligands that were assigned to the

= (C—H stretching vibrations disappeared, which indicated that the metal alkynylation
reactions occurred in the reaction'®. In addition, for the TEPT-Hg-GY, the peaks

corresponding to the stretching (1516 cm™), breathing (1359 cm™), and out-of-plane
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ring bending (820 cm™) modes of the triazine ring are retained® (Figure 2.3b). The
peaks at 3300-3400 cm™' in the FTIR spectra of the NH,-Hg-GY can be assigned to the
typical absorption peaks of amine groups for its symmetrical and asymmetrical
stretching vibration®® (Figure 2.3b). For the F-Hg-GY, the semi-ionic C—F bond*! was
found at 1110 cm™'. The above assignments indicated that the as-designed MGY's were

successfully synthesized.

TEPB-Hg-GY

NH,-Hg-GY

b

180 150 120 90 60
Chemical Shift (ppm)

Figure 2.4 Solid-state '*C NMR spectra of TEPB-Hg-GY, TEPT-Hg-GY, and NH,-
Hg-GY.

Furthermore, the *C cross-polarization magic-angle spinning NMR spectra of
TEPB-Hg-GY, TEPT-Hg-GY, and NH>-Hg-GY also confirmed their chemical
structures, as shown in Figure 2.4. For all the Hg-GYs, the peaks at =~ 75 and = 105 ppm
can be assigned to the carbon atoms in the -C=C-Hg—C=C— moieties*’. What’s more,
the peaks in the range of 110-140 ppm of TEPB-Hg-GY can be attributed to the phenyl

groups (Figure 1b)**. For TEPT-Hg-GY, the peak of 170.3 ppm can be assigned to the
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triazine groups>’, while the peaks in the range of 120160 ppm can be attributed to the
amino-substituted aromatic ring**. The chemical states of the existing elements of
TEPB-Hg-GY, TEPT-Hg-GY, NH:-Hg-GY, and F-Hg-GY were confirmed by X-ray
photoelectron spectra (XPS), as shown in Figure 2.5. It can be seen from all the full-
range spectra that the binding energy of 101.88, 284.09, 360.86, and 380.76 eV can be
ascribed to Hg(II) 4f, C 1s, and Hg(II) 3d, respectively'®. In addition, the binding energy
of 400.53 eV indicated the presence of the N 1s in TEPT-Hg-GY and NH>-Hg-GY
(Figure 2.5b and 2.5¢)*** and the binding energy of 687.68 eV in the curve of F-Hg-
GY confirmed the element of F 1s (Figure 2.5d)*®. Such assignments further proved the

accurate structure of the four Hg-GYs.
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Figure 2.5 XPS curves of (a) TEPB-Hg-GY, (b) TEPT-Hg-GY, (c) NH>-Hg-GY, and

(d) F-Hg-GY.
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To gain a deep understanding about the nature of TEPB-Hg-GY, TEPT-Hg-GY, NH>-
Hg-GY, and F-Hg-GY, their crystal structures were revealed by using powder X-ray
diffraction (PXRD). As shown in Figure 2.6, TEPB-Hg-GY and TEPT-Hg-GY
possess the same crystal form and the diffraction peaks at the 20 angles of 5.6°, 10.6°
were assigned to (100), (200) facets, respectively. NH2-Hg-GY and F-Hg-GY possess
another same crystal form and the diffraction peak at the 20 angles of 10° can be
assigned to (220) facet, which indicated that the organic ligands can have a big effect
on the type of Hg-GY crystals. In addition, we can also see from the spectra that the
intensity of patterns changes a lot, which reveals that the organic ligands can also have
a big influence on their crystallinity. On the other hand, all the XRD patterns possess
the same diffraction peak at the 20 angle of = 26° that can be assigned to the (001)

t>4, which corresponded to the interlayer distance of these Hg-GY crystals and

face
indicated a long-range order of n-m stacking between the individual layers, which also

showed that the organic ligands have similar interlayer distance.

—TEPB-Hg-GY
— TEPT-Hg-GY
—— NH,-Hg-GY
—_F-Hg-GY

Intensity (a.u.)

2 Theta

Figure 2.6 PXRD patterns of TEPB-Hg-GY, TEPT-Hg-GY, NH>-Hg-GY, and F-Hg-
GY.
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The morphologies of TEPB-Hg-GY, TEPT-Hg-GY, NH»-Hg-GY, and F-Hg-
GY were confirmed by TEM images, as shown in Figure 2.7, which indicated that all
Hg-GYs possess a layered structure. In addition, high resolution TEM (HRTEM)
images (Figure 2.8 ) revealed that the interlayer distance of these Hg-GY's is ~3.40 A,
which matches well with the results from XRD diffraction peak corresponding to the

(001) facet.

Figure 2.7 Large-scale TEM images of (a) TEPB-Hg-GY, (b) TEPT-Hg-GY, (c) NH2-
Hg-GY, and (d) F-Hg-GY.

TEPB-Hg-GY

S9SN TEPT-Hg-GY

Figure 2.8 HRTEM images of (a) TEPB-Hg-GY, (b) TEPT-Hg-GY, (c) NH:-Hg-GY,
and (d) F-Hg-GY.
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The thermal stability of TEPB-Hg-GY, TEPT-Hg-GY, NH:-Hg-GY, and F-Hg-
GY was analyzed by thermogravimetry analysis (TGA), as shown in Figure 2.9. The
onset decomposition temperature of TEPB-Hg-GY, TEPT-Hg-GY, and F-Hg-GY is
about 270 °C, indicating their good thermal stability, while that of NH,-Hg-GY is

slightly lower at about 240 °C.
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Figure 2.9 TGA curves of TEPB-Hg-GY, TEPT-Hg-GY, NH:-Hg-GY, and F-Hg-

GY.

2.3 Property studies of mercury graphynes

It is noted that the photocatalytic performance of materials is closely related to the
type of semiconductor material and its valence band structure, which has an important
role in their optical properties. Herein, we performed UV—-Vis DRS, UPS, and M-S
electrochemical measurements to investigate their semiconductor types and the band
structures of TEPB-Hg-GY, TEPT-Hg-GY, NHz-Hg-GY, and F-Hg-GY. As shown
in Figure 2.10a, UV—Vis spectra showed that the introduction of reactive groups and
heteroatoms can help improve the light absorption capability of Hg-GY's. What’s more,

the light absorption capacity of the four Hg-GY's follows the order F-Hg-GY < TEPB-
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Hg-GY <TEPT-Hg-GY < NH:-Hg-GY, which demonstrats that the amino groups and
N heteroatoms can enhance the light absorption capacity while the amino groups can
enhance even more, but F atoms slightly weaken its light absorption ability.
Correspondingly, the Tauc’s plots showed the optical band gap (E¢) of TEPB-Hg-GY,
TEPT-Hg-GY, NH:-Hg-GY, and F-Hg-GY is 3.52, 3.31, 2.67, and 3.55 eV,

respectively (Figure 2.10b).
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Figure 2.10 (a) UV—Vis spectra and (b) Tauc’s plots of TEPB-Hg-GY, TEPT-Hg-GY,
NH»-Hg-GY, and F-Hg-GY.

Furthermore, UPS was conducted to study their valence band (VB) and conduction
band (CB) positions (Figure 2.11). Combined with Eg calculated from UV—Vis DRS,

Evesm and Ecswm can be calculated by the following equations:

@ = Ecutoff — hv (1)
Evpy = @ — Eedge 2
Eg = Ecgm — Evem (3)

where @ is the work function, 4v = 21.22 eV. As a result, the Ecsm of TEPB-Hg-GY,
TEPT-Hg-GY, NH>-Hg-GY, and F-Hg-GY were calculated to be —0.35, 0.7, —0.7,

and —0.6 eV (vs. RHE), respectively. Meanwhile, their Corresponding Evswm position is
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3.17,2.61,1.96 and 2.95 eV (vs. NHE), respectively. Therefore, the corresponding band
energy levels are displayed in Figure 2.12, which indicates that the introduction of
active groups and heteroatoms can greatly reduce the potential of VB and slightly

increase the potential of CB.
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Figure 2.11 UPS of TEPB-Hg-GY, TEPT-Hg-GY, NH,-Hg-GY, and F-Hg-GY.
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Figure 2.12 VB and CB positions of TEPB-Hg-GY, TEPT-Hg-GY, NH;-Hg-GY, and

2.
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F-Hg-GY.

M-S electrochemical measurements were performed to study their semiconductor
types and further verified the energy level positions (Figure 2.13), which indicates that

all the Hg-GYs are n-type semiconductor and their calculated CB potentials are

consistent with that from UPS.
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Figure 2.13 M-S curves of (a) TEPB-Hg-GY, (b) TEPT-Hg-GY, (c) NH,-Hg-GY,
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and (d) F-Hg-GY.
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To explore their optical and electrical properties, the transient-photocurrent-
response (TPR) and electrochemical impedance spectroscopy (EIS) were conducted.
TPR studies (Figure. 2.14a) showed that NH>-Hg-GY and TEPT-Hg-GY have higher
current intensity, indicating the more efficient electron-hole separation generation®’. On
the contrary, TEPB-Hg-GY and F-Hg-GY have almost no photo-response, perhaps
because the band gaps of these two samples are too large. Moreover, it was found from
EIS that TEPT-Hg-GY, NH:-Hg-GY, and F-Hg-GY have superior electronic
conductivity with smaller semicircles in the Nyquist plot than that of TEPB-Hg-GY,
showing an enhanced charge transfer rate®® and the fitting charge transfer rate (Ret) of
TEPB-Hg-GY, TEPT-Hg-GY, NHz-Hg-GY, and F-Hg-GY is 49.63, 44.02, 35.27,
and 40.05, respectively. (Figure. 2.14b). These results provide a solid evidence that the
introduction of amino groups and heteroatoms can improve their photo-electric

properties, which are closely related to the high efficiency of photocatalytic H2O2

production.
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Figure 2.13 TPR and EIS curves of TEPB-Hg-GY, TEPT-Hg-GY, NH>-Hg-GY, and

F-Hg-GY.
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2.4 Photocatalytic H,O: production performance

We carried out photocatalytic experiments with pristine TEPB-Hg-GY, TEPT-
Hg-GY, NH2-Hg-GY, and F-Hg-GY in the pure-water and open-air condition under
visible-light irradiation (A > 420 nm) and found that only NH»-Hg-GY exhibits a good
performance for H202 photoproduction, which is consistent with their band structure.
It can be known from DRS that TEPB-Hg-GY, TEPT-Hg-GY, and F-Hg-GY possess
large band gaps so that the visible-light cannot excite them to participate in the
photocatalytic reaction. To explore the mechanism of the entire photocatalytic H202
production, comprehensive characterizations were conducted with NH>-Hg-GY and
the control sample (TEB-Hg-GY) that has been reported in the previous literature!®.
As displayed in Figure 2.14a, no H202 was detected with TEB-Hg-GY catalyst, while
NH,-Hg-GY exhibited an outstanding photocatalytic yield. Remarkably, the
concentration of H202 gradually increased in 24 h, showing a linear relationship with
the first 12 h and the concentration reached up to nearly 425 uM h™!. Hence, it is noted
that the amino group plays a remarkable role in boosting the activity of H2O2 generation.
Besides, the apparent quantum yield (AQY) of the photocatalysis of H202 was
measured to be 3.26% at 365 nm and 1.86% at 420 nm, respectively (Figure 2.14b).
Moreover, NH2-Hg-GY exhibited good stability in photocatalytic performance toward

photocatalytic H2O2 production during the cyclic tests (Figure 2.14c).
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Figure 2.14 (a) Time-dependent H2O2 photogeneration using visible light for NH,-Hg-
GY and TEB-Hg-GY. (b) UV—Vis spectrum of NH>-Hg-GY and AQY for H202

generation. (c) Repeatability performance of NH,-Hg-GY.

To shed insights into the overall reaction process for H2O2 generation, a series of
control experiments have been executed under different conditions (Figure 2.15a). The
photocatalytic standard experiment was firstly conducted with air and showed that H2O2
can be generated in pure water. Then, the oxygen (O2) control experiment with a higher
yield of H20:2 indicated that the ORR pathway happened. On the other hand, the
nitrogen (N2) control experiment can prove that the WOR pathway happened.
Otherwise, the residual oxygen would only produce a very small amount of H20x.

Moreover, it can also be concluded that there was still the ORR pathway in the N2
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control experiment because it’s difficult to remove all the Oz from the reaction system,
which can also be shown from Figure 2.15b that O2 was detected before the N2 control
experiment and the amount of the Oz decreased after the experiment. Therefore, the
electrons participated in the ORR. Finally, to rigorously determine whether a dual-
channel process will occur, the AgNO3 (Ag" as the electron acceptor) sacrificial agent
experiment and the ethylenediaminetetraacetic acid (EDTA, as the hole acceptor)
sacrificial agent experiment were conducted and the results verified that both the WOR
and ORR process could occur with NH2-Hg-GY. Accordingly, we can conclude that
NH>-Hg-GY can generate H202 through both ORR and WOR processes. Noteworthily,
the yield of H20: in saturated Oz can reach up to 2112.6 pmol h™!' ¢!, which is superior

to the previous porous crystalline photocatalysts to date (listed in Table 2.1).
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Figure 2.15 (a) H202 photogeneration using visible light for NH,-Hg-GY under
different conditions. (b) Gas chromatography of N2 control experiment with NH>-Hg-

GY.
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Table 2.1 Summary of the dual-channel pathway over semiconductors for H20:

production.
Reaction and
Photocatalyst irradiation conditions Catalyst dosage H,0O; activity Ref.
CN/PI composite H,0 (O2) 50 mg/50 ml 1200 pmolh™t gt | 39
Vis (A > 420 nm)
g-CsN4/CuO H.O (Bubbled O,) 200mg/200 ml | 1100 pmolhtg™® | 40
Vis (400-800 nm)
MoQs/SnS, H,0 (Oy) 50 mg/100 ml 1200 ymol h™tg™? | 41
Solar simulator
OCN H,O (Bubbled O) 200 mg/200 ml 633 umolh™t g™ 42
Vis (400-800 nm)
Carbon-supported H20 (O2-equilibrium)
oxygen vacancy-rich Vis (A > 420 nm) 20 mg/20 ml 3784.5 umol h'ig™ | 43
C0304
WO4/TiO, H.0 (O,) with
AgNO; or Mn(NO3) 10 mg/10 ml 1.67 umol ht gt 44
Simulated solar
CTF-BPDCN H20 (O2) 30 mg/50 ml 97.2 umolhtg? | 45
Vis (A > 420 nm)
BisOsBr2/g-C3N4 H,0 (Oz-equilibrium) 50 mg/50 ml 124 pmol ht gt 46
Vis (A > 420 nm)
ZIF-8/g-C3N, H.0 (0,) 10 mg/15 ml 2641 pmol htg? | 47
Vis (400-700 nm)
ZnPPc/NBCN H20 (O,) 10 mg/20 ml 114 pmolhtg? | 48
400-800 nm
Covalent triazine H.0 (Oy)
frameworks Vis (A > 420 nm) 20 mg/50 ml 270.9 umol ht gt | 49
(NMT400)
COF-TpBpy H,0 (Air) 5 mg/10 ml 2084 pmol h™t gt 50
A>420 nm
CHF-DPDA H20 (O5) 40 mg/20 ml 1725 umolht gt | 51
Vis (A > 420 nm)
NH2-Hg-GY H,0 (0,) 10 mg/15 ml 2112.6 umol h'lg™? | This
Vis (A > 420 nm) work

To further explore the mechanism of the reaction pathways of H20:2
photoproduction with NH»-Hg-GY, in-situ electron paramagnetic resonance (EPR)

spectroscopy was characterized with 5,5-dimethylpyrroline N-oxide (DMPO) as a free
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radical spin-trap agent to detect the intermediates of superoxide radicals (¢*OOH) or
hydroxyl radicals (*OH)*%. As displayed in Figure. 2.15a, the typical characteristic
signals of DMPO-e OOH were obviously observed in NH;-Hg-GY under light
irradiation and the intensity kept increasing over time. Thus, it can be concluded that
the ORR pathway for H2O2 photoproduction is a two-step 2e” process. By contrast,
DMPO-+OH spin adducts were not detected, declaring that the two-step 2h™ process for
WOR pathway is excluded (Figure 2.15b). DFT calculations and in-situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements were
further used to confirm the reaction pathways and active sites in the framework of NH;-
Hg-GY>**. According to the above results, *OOH intermediate species are generated
in the ORR pathway and their formation is the rate-determined step. As shown in Figure.
2.15c¢, the benzene ring showed the most favorable Gibbs free energy change (AG) than
the other sites, indicating that the benzene ring has the biggest possibility to be the
active site for the ORR pathway. Furthermore, in-situ DRIFTS displayed that the
benzene ring vibrations (1588, 1485, 1420 cm ')> of NHz-Hg-GY occurred after 30
min absorption with Oz and D20 vapor and kept increasing with irradiation time, thus
confirming that the benzene ring act as the adsorption site for Oz and the reaction site
for ORR pathway (Figure 2.15¢). On the other side, DFT calculations indicated that the
acetylene moiety exhibits the smallest AG to form *OH compared to the other sites
(Figure 2.15d). Similarly, in-situ DRIFTS (Figure 2.15f) showed that the stretching

vibration of the -C=C— bond at 2150 cm™' emerged after 30 min absorption of argon
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and H20 vapor and maintained increasing over time, which proves the hypothesis that

the acetylene moiety is the reaction site of the WOR pathway¢.
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Figure 2.15 (a) In-situ EPR signals of DMPO-*OOH under the dark and visible light
illumination with NH2-Hg-GY. (b) In-situ EPR signals of DMPO-+OH under the dark
and visible light illumination with NH>-Hg-GY. (c¢) Calculated free energy diagrams
of ORR pathway toward H20:2 production on different active sites in NH,-Hg-GY. (d)
Calculated free energy diagrams of WOR pathway toward H202 production on different

active sites in NHz-Hg-GY. (e) In-situ DRIFT spectra of ORR pathway during
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photocatalytic H202 evolution. (f) /n-situ DRIFT spectra of WOR pathway during

photocatalytic H20O2 evolution.

Together with the improved light absorption, the enhanced photocatalytic activity
of the NH,-Hg-GY sample may originate from the controllable charge migration of
efficient charge separation and surface trapping®”-3%. To study the excited state dynamics,
femtosecond transient absorption spectroscopy (fs-TA) was carried out. At 360 nm
excitation (upper panel in Figures 2.16a and 2.16b), both TA spectra exhibited a broad
photoinduced absorption (PA) band with a quite long lifetime, covering most of the
visible and entire near-infrared (Vis-NIR) regions. The overall PA band intensity for
NH»-Hg-GY was higher than that of TEB-Hg-GY, indicating more efficient population
of trapped carriers are generated in NH2-Hg-GY even at very earlier stage®®. In addition,
NH»-Hg-GY showed a relatively weak positive AT/T signal at the bandgap region,
which represented a reduced probability of band-to-band recombination of the
photoexcited carriers, thus achieving more efficient photogenerated charge separation
in NH2-Hg-GY®. Interestingly, the PA band changed its shape in the visible spectral
range, while kept almost unchanged in the infrared range (Figure 2.16a and 2.16b). This
phenomenon indicated the existence of at least two distinct populated states after
photoexcitation, which implies a dual-channel separated mechanism (volume

separation and surface separation) of the photogenerated charges®!-%.
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Figure 2.16 Vis-NIR transient absorption studies of (a, ¢) TEB-Hg-GY and (b, d) NH»-
Hg-GY. (a, b) Transient absorption spectra collected at different delay times after
photoexcitation (upper panel) and decay-associated spectra (DAS) obtained through
SVD of the entire spectral range (bottom panel). (¢, d) TA kinetics probed at the maxima
of PA1 and PA2 bands (data), obtained from decay-associated spectra (DAS), and their

fit with tri-exponential function.

Comprehensive fitting and TA kinetics studies were performed to reveal the
underlying attributes of the two distinct populated states and charge migration. The TA
spectra (bottom panels in Figure 2.16a and 2.16b) returned two PA sub-bands (denoted
as PA1, Amax = 700 nm and PA2, Amax = 1050 nm) in the Vis-NIR regions. In addition,
TA kinetics probed at 490-520 nm and 1190-1250 nm ranges also matched well with
the kinetics extracted from SVD (Figure 2.16¢ and 2.16d). What’s more, the kinetics
revealed that the build-up time (trise) for the PA1 band is noticeably longer than that of

the PA2 band, allowing us to attribute the PA1 band to the photoexcited carriers trapping
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on surface defects because the amplitude of PA1 sub-band is positively correlated with
photocatalytic performance and such carriers play a crucial role in the catalytic reaction,
while the PA2 band can be attributed to the carriers trapping on volume defects which
may be presented in the area between the stacked nanosheets®*** (Table 1). On the other
hand, the fitting of PA sub-bands decay with a bi-exponential function of fast (Tdecay1)
and slow (Tdecay2) components for the PA sub-bands (Tablel). For the PA1 band, the
Tdecayl COmponent can be attributed to a decrease in the population of trapped surface
carriers due to their participation in photocatalytic reaction, while the Tdecay2 component
corresponds to the overall lifetime of the trapped carriers (before they either recombine
to the valence band or transfer to the surrounding species). Additionally, the NH,-Hg-
GY sample demonstrated much faster tdecay: than that of Hg-GY, which clearly stated
that NH»>-Hg-GY possessed a higher surface charge transfer rate, matching well with
the result of EIS. For the PA2 band, the decay can be governed by two processes: the
relaxation of the carriers trapped between stacked nanosheets back to the valence band
or their transfer to the surface state. Although the latter process is less common in
photocatalysis as the control of dual-channels modification separation is hard to be
achieved®®®, the TA kinetics showed that the Tdecayt component of PA2 band
corresponded well with the formation time of the PA1 band, indicating the possibility
of the latter process®®’. Such investigations of dual-channel separation mechanisms
can shift a new sight in the study of controllable carrier migration. The comparison of

the rates and lifetimes estimated for TEB-Hg-GY and NH>-Hg-GY samples proves
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that the introduction of amino groups into mercury graphyne framework is beneficial
to generate extra carrier trapping sites, controllable charge migration, and enhanced

charge separation efficiency to facilitate H2O2 photoproduction.

Table 1. The fitted parameters for TA kinetics probed in the spectral ranges

corresponding to the ground-state bleach (GSB), and photoinduced absorption bands

(PA1 and PA2).

Band/probe range Fitted parameter TEB-Hg-GY NH.- Hg-GY
Trise, pS 117&01 084&01
PAL(490-520nm) [ ps(Rel Amp) | 47.243 (51.9%) 18.7240.6 (57.9%)
Taecay2, PS (Rel Amp) 1375490 (42.7%) 1414470 (31.2%)
Trise 0.3840.01 0.5240.01
PA2 (1190-1250 nm) = ps (Rel Amp) | 7.3640.3 (67.2%) 5.4540.4 (56.7%)
Tdecay2, PS (Rel Amp) 531430 (26.6%) 83680 (23.3%)
Trise NA NA
GSB (380-420 nm)
Tdecay, ps >2000 >2000

To explore the origins of superior performance of NH:-Hg-GY toward
photoproduction of H202, three models of TEB-Hg-GY, NH>-Hg-GY, and NH,-GY
were built to conduct DFT calculation on their band structure, density of states (DOS),
and excited charge distribution. Calculated band structures ((Figures 2.17a-2.17c)
clearly revealed that compared to TEB-Hg-GY and NH»>-GY, NH>-Hg-GY had the
most suitable band energy landscape covering both energy potential of O2/°O2" and
H20/H202, indicating that both amino groups and Hg(II) ions effectively optimize the
energy level of framework. Furthermore, DOS calculation (Figure 2.17d-2.17f)
revealed clearly that the amino group mostly contributes to VB and reduces its potential,

while mercury affects the CB and increases its potential. Charge distribution images

58



further declared that excited electrons are concentrated in the benzene ring while the
holes are mostly localized on the acetylene moiety in the excited state, demonstrating
that the amino group improves the controllability of charge migration and charge
separation efficiency in NH,-Hg-GY. In addition, one can also see that Hg(II) ions can
effectively break the electron delocalization on acetylene. The above characteristics
may originate from the induction effect of amino groups as auxochromes and the
conjugation effect of the blocks of Hg(Il) alkynyl. Accordingly, we can conclude that
amino groups and Hg(II) ions can effectively modify the electronic structure of NH»-

Hg-GY and lead to the improvement of photoinduced activities toward H20:

photoproduction.
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Figure 2.17 Band structure of (a) TEB-Hg-GY, (b) NH-Hg-GY, and (c) NH>-GY
model. Density of states (DOS) of (d) TEB-Hg-GY, (¢) NH>-Hg-GY, and (f) NH>-GY
model. The excited charge distribution of (g) TEB-Hg-GY, (h) NH>-Hg-GY, and (i)
NH>-GY model.
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Finally, we proposed a possible mechanism of the photocatalytic H2O2 production
with NH2-Hg-GY, as illustrated in Figure 2.18. Photogenerated electrons and holes are
generated in the NH>-Hg-GY catalyst with the characteristics of dual-channels
separation dynamics. Upon transferring to surface defects, electrons then gather in the
benzene ring, while holes accumulate on the acetylene bond. Finally, they participate

in the ORR and WOR processes on the benzene ring and acetylene bond, respectively.
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Figure 2.18 Schematic illustration of the proposed mechanism of photocatalytic H202

production in NH;-Hg-GY.

2.5 Conclusion

In summary, a series of Hg-GYs of TEPB-Hg-GY, TEPT-Hg-GY, NH:-Hg-GY,
and F-Hg-GY were successfully synthesized. Firstly, their chemical structures were
characterized by the FTIR, solid-state '*C-NMR and XPS spectroscopy, indicating that
the selected functional groups and elements were introduced in the MGY frameworks
as designed. Secondly, the crystal structure details and morphologies were
demonstrated from PXRD patterns and TEM images. Therefore, it can be concluded

that these four Hg-GY materials have layered structures. Thirdly, their optical properties,
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electronic properties, and band structures were characterized by using UV—Vis DRS,
UPS, M-S electrochemical measurements, TPR, and EIS, which revealed that the
introduction of active groups and heteroatoms can efficiently adjust their electronic
properties. Finally, we conducted photoinduced H20:2 production experiments and
found that the NH,-Hg-GY integrate both ORR and WOR active sites toward overall
photoinduced H202 production. It is worth mentioning that it can reach a relatively high
production rate of 2112.6 pumol h™! g™! for the photoproduction of H202 in pure water
without sacrificial agents. Such rational design enables NH,-Hg-GY to possess a higher
ability for visible-light adsorption, a good controllability of charge migration, and a
suitable redox potential toward H202 production, which have been confirmed by both
experiments and theoretical calculations. Interestingly, comprehensive investigations
on the dynamic of the photoexcited carriers reveal a possible dual-channel separation
pathway, providing a new perspective to future research. These results may be derived
from the synergy of the inductive effect of the amino group and the conjugation effect
of the blocks of Hg(Il) alkynyl. This is the first work about MGY's that can achieve
overall photocatalytic H2O2 production, shedding fresh light on the rational design of
efficient photocatalysts. We believe that MGY's have a great potential to be developed
into a class of functional semiconductors in artificial photosynthesis or some other

optoelectronic devices.
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Chapter 3
Synthesis and Properties of Platinum Graphynes and Application

Studies in the Resistive Random Access Memory
3.1 Introduction

Resistive random access memory (RRAM) is a non-volatile memory (NVM)
device that records and stores data information based on resistance changes. In recent
years, NVM devices have played a pivotal role in the development of memory due to
their high density, high scalability, low power consumption, and compatibility with
complementary metal-oxide-semiconductor (CMOS) technology!”. Silicon-based
flash memory as a traditional NVM device, has been widely used in removable memory
applications®®. However, bottlenecks such as insufficient working life, read and write
speed, high voltage in write operations, and the inability to continue to shrink the size
have restricted the further development of flash memory in many ways>'?. As an
alternative, a variety of emerging devices have received widespread attention in the

industry as next-generation NVM devices'"!

, including RRAM, ferroelectric random
access memory (FERAM)!3, magnetic random access memory (MRAM)!, and phase
change random access memory (PRAM)", etc. However, both FeERAM and MRAM
have difficulties in further reducing their size. Under such circumstances, RRAM
devices have caused a widespread research and development boom in recent years

because of their considerable miniaturization prospects.

For the future development of artificial-general-intelligence, artificial vision
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system which is characterized by in-sensor multi-task learning has attracted much
attention and the related opto-resistive random access memory (ORRAM) and opto-
synaptic devices closely have emerged as promising candidates because they not only
directly respond to optical stimulation but also allow temporary memory and real-time

processing of visual information!®!®

. Compared to von Neumann architectures
featuring separation of storage and computation, artificial opto-synaptic systems
inspired by biological visions usually integrate photoreceptors, storage units, and
processing units together, achieving efficient neuromorphic computing'®?°. However,
the current artificial visions still have certain shortcomings. For example, compared
with the human visual system, it generates a large amount of redundant data, and the
processing and storage units cannot directly respond to the optical stimulation, resulting
in high energy consumption and low efficiency?'">>. Therefore, there is an urgent
demand to develop multifunctional opto-electronic devices integrating sensing, storage,
and processing functions to achieve more efficient artificial vision systems. Significant
efforts have been made to emulate the synaptic function of the human retina for efficient
in-sensor multi-task learning. At present, traditional RRAM devices are mainly based
on oxides, including oxide insulators (TiOx, and TaOx)?*, composite oxides (SrTi03)>,
and high-energy dielectrics (AlOx and HfOx)*°. Therefore, new functional materials for
RRAM devices should be explored to overcome the limitations of low reproducibility,

high formation voltage, and poor scalability of oxide memristors. 2D materials, as new

functional materials with distinctive band structures and intriguing electrical properties,
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have been explored for the application of RRAM devices, such as organic materials of
MOFs?” and COFs?® and inorganic materials of graphene?’, M0S2*°, WS23!, h-BN*, and
black phosphorus™.

Metallated graphynes (MGY's), afforded by the introduction of single metal atoms
into the frameworks of graphdiynes, have been considered as a new class of functional
materials with metal-acetylenic bonds in the skeleton and explored as efficient photo-
and electro-2D devices recently due to their highly ordered pores, high n-conjugation,
tunable structure, and large surface area’. What’s more, a series of MGYs (M = Au, Ag,
Hg, Cu, and Co)***® have been successfully explored, while platinum-based graphyne
(Pt-GYs) has not been reported yet. In another aspect, since the first synthesis of
platinum(II)-acetylene compounds by Hagihara*®, polymetallic compounds of group 10
have been extensively studied in applications such as electronics, photonics, and optical

40-43 ot al., conducted extensive research in the field of transition metal

sensing. Wong
polyyne polymers, especially in the field of platinum(II)-acetylide complexes and
polymers. Moreover, Dong** et al. reported three new porphyrinated platinum(II)-based
polymers and utilized them as the active layer for memory devices. What’s more, the
linear geometry and unsaturated nature of platinum-alkyne units make them very
promising structural building blocks, and their alkynyl units can be bonded to various
carbocyclic and heteroaromatic ring systems to form 2D platinum-alkyne materials®.

However, 2D platinum-polyyne networks, which can be regarded as platinum

graphynes (Pt-GYs), have never been reported. In addition, to the best of our knowledge,
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the application of MGYs in RRAM devices has not yet been studied. Besides, the
working principle of RRAM devices based on two-dimensional materials is still
controversial. Systematic study of the behavior of current changes with voltage in the
same series of 2D materials is conducive to a deep understanding of the resistive
switching (RS) mechanism of RRAM.

In this work, we proposed to use suitable organic ligands (TEPB, TEPT, and
TEFB) to coordinate with Pt(II)-complex to prepare a series of Pt-GYs (TEPB-Pt-GY,
TEPT-Pt-GY, and F-Pt-GY) and study their structures and basic photoelectric
properties comprehensively. Furthermore, we utilized them as the active layer in
RRAM devices with a two-terminal structure of Pt/PMMA+Pt-GYs/ITO (PMMA,
poly(methyl methacrylate); ITO, indium tin oxide) and investigated their RS
characteristics. It was found that the devices with structure of Pt/PMMA+TEPB-Pt-
GY/ITO exhibit a typical and stable NVM within the applied voltage. Furthermore,
Pt/PMMA+TEPB-Pt-GY/ITO RRAM also displayed a light-tunable synaptic
behavior, which can be applied as ORRAM, showing a great application potential in
the field of in-sensor computing and artificial intelligence (AI) network. Experimental
results revealed that the introduction of heteroatoms into the framework of Pt-GYs
causes different memory behaviors among devices. It is supposed that valence change
may be the memory mechanism based on the experiments and DFT calculations. This
work may provide a new sight for scientists to design more efficient ORRAM devices

based on 2D organic materials.
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3.2 Synthesis and characterization of platinum graphynes

3.2.1 Synthesis of the organic ligands

The synthetic routes of the designed organic ligands (TEPB, TEPT, and TEFB)
were described in Chapter 2, which are no longer displayed here. While the platinum
precursor of trans-Pt(PBus):Cl, was prepared from the reaction of KoPtCls and
tributylphosphine (PBus) and the synthetic routes are shown in Figure 3.1. The
chemical structure of trans-Pt(PBu3)2Cl, was characterized by '"H NMR and 3'P NMR

(the details are shown in Chapter 5)

H,0 Cl PBu Cl Cl
K,PtCl,  + PBu, 2 el 0 or opil
190°C | 1h
Cl<_ LPBu
trans-Pt(PBu;),Cl Pt_
(PBus)Cl Bu,P” (I

Figure 3.1 Synthetic routes of trans-Pt(PBu3),Cl.
3.2.2 Synthesis of the platinum graphynes

As displayed in Figure 3.2, TEPB-Pt-GY, TEPT-Pt-GY, and F-Pt-GY were
synthesized via the base-catalyzed dehydrohalogenation reactions between the ligands
of TEPB, TEPT, and TEFB and trans-Pt(PBus):Cl,, respectively according to the
previous literature®® (the details are shown in Chapter 5). What’s more, it was found
that TEPT-Pt-GY can be obtained with a high yield at room temperature (RT) while
the yields of TEPB-Pt-GY and F-Pt-GY are lower at RT, which indicated that TEPT

is easier to coordinate with trans-Pt(PBu3)2Cl2 than TEPB and TEFB.
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3.2.3 Characterization of the platinum graphynes
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Figure 3.2 Synthetic routes of the platinum graphynes of (a) TEPB-Pt-GY, (b) TEPT-

Comprehensive characterizations were conducted to identify the chemical
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structure of TEPB-Pt-GY, TEPT-Pt-GY, and F-Pt-GY, such as FTIR, solid-state '3C

NMR, XPS, and XRD pattern. What’s more, their morphologies were displayed by



TEM. As shown in Figure 3.3, FTIR spectra of TEPB-Pt-GY, TEPT-Pt-GY, and F-
Pt-GY showed that the sharp peaks at about 3200 cm™ for the = C-H stretching
vibrations disappeared compared to their corresponding organic ligand of TEPB,
TEPT, and TEFB, indicating that the base-catalyzed dehydrohalogenation reactions
were completed. In addition, the characteristic absorption peaks at about 2950 cm’!,
2920 cm™ and 2860 cm™ in all spectra correspond to the saturated C—H stretching
vibrations of butyl group®® and indicated that trans-Pt(PBus)Cl, coordinated
successfully with the as-designed organic ligands. For TEPT-Pt-GY, the peaks at 1516
cm™!, 1359 cm™!, and 820 cm™ in Figure 3.3b can be assigned to the triazine ring*’. For
F-Pt-GY, the peak at 1110 cm™ can be assigned to the semi-ionic C—F bond*®. The
above assignments revealed that TEPB-Pt-GY, TEPT-Pt-GY, and F-Pt-GY were

successfully synthesized.
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Figure 3.3 FTIR spectra of the platinum graphynes of (a) TEPB-Pt-GY, (b) TEPT-Pt-

GY, and (c) F-Pt-GY.
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Figure 3.4 Solid-state *C NMR spectra of TEPB-Pt-GY and TEPT-Pt-GY.
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To further confirmed the chemical structures of platinum graphynes, the solid-state
13C CPMAS NMR were also performed, as shown in Figure 3.4. The peaks at =8 and
~19 ppm in both solid-state *C NMR spectra showed the presence of the butyl

groups*®5°

in the frameworks of Pt-GY's and the peaks at =80 and ~110 ppm can be
assigned to the carbon atoms in the -C=C-Pt-C=C— moiety’'. In addition, the peaks in
the range of 120-140 ppm in the top spectra can be attributed to the phenyl groups in
TEPB-Pt-GY>2. What’ more, the peak at =170 ppm in the bottom spectra can be
assigned to the triazine groups in TEPT-Pt-GY*’. XPS spectra shown in Figure 3.5
were further conducted to illustrate the chemical states of the existing elements in
TEPB-Pt-GY, TEPT-Pt-GY, and F-Pt-GY, respectively. For the full-XPS spectrum
of TEPB-Pt-GY, the binding energy of 285.88, 190.37, 132.24,333.79, 316.01, 103.85,
77.41 and 74.13 eV can be ascribed to C 1s, P 2s, P 2p, Pt 4d, Pt 5s, Pt 4fs52 and Pt 4172,
respectively™ (Figure 3.5a). For the full spectrum of TEPT-Pt-GY, the binding energy
of N 1s is 399.74 eV and the binding energy of C 1s, P 2s, P 2p, Pt 4d, Pt 5s, Pt 4fs;
and Pt 472 1s 285.58, 190.38, 132.12, 333.33, 315.89, 103.59, 77.78, and 73.81 eV,
respectively (Figure 3.5b). For the F-Pt-GY, the full XPS spectrum showed that the
binding energy of 399.74 eV is assigned to F 1s and the binding energy of C 1s, P 2s, P
2p, Pt 4d, Pt 5s, Pt 4152 and Pt 4f7,2 is 285.28, 187.92, 131.33, 332.93, 316.86, 103.39,
and 75.81, and 72.66 eV, respectively (Figure 3.5c). The comparison among the three

XPS spectra showed that the introduction of heteroatoms hardly affects the chemical

states of the existing elements.
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Figure 3.5 The full XPS spectra of (a) TEPB-Pt-GY, (b) TEPT-Pt-GY, and (c) F-Pt-
GY.

The crystal structures of TEPB-Pt-GY, TEPT-Pt-GY, and F-Pt-GY were
characterized by PXRD, as shown in Figure 3.6. It can be seen that TEPB-Pt-GY and
TEPT-Pt-GY show the same peaks at the 20 angles of 10°, 16°, and 20°, which
indicated that they possessed the same crystal form. F-Pt-GY just shows two peaks at
the 20 angles of 10° and 20°, indicating a different form of crystal, which revealed that
the organic ligands have an influence on the crystal types of Pt-GYs. In addition, for
the same type of crystal, TEPT-Pt-GY showed an enhanced intensity than TEPB-Pt-
GY, revealing that the introduction of triazine ring into the framework can improve the
crystallinity of Pt-GYs, which may be because triazine can make the molecular plane

flatter, thereby improving crystallinity. Furthermore, Pt-GYs have poor crystallinity
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compared to that of Hg-GY's, which may be caused by the presence of butyl groups.
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Figure 3.6 PXRD patterns of TEPB-Pt-GY, TEPT-Pt-GY, and F-Pt-GY.

TEM technique was performed to study their morphologies (Figure 3.7). Large-
scale TEM images (Figure 3.7a—c) showed that TEPB-Pt-GY, TEPT-Pt-GY, and F-
Pt-GY are characterized by nanosheet structures. In addition, HRTEM images (Figure
3.7d-f) revealed that the interlayer distance of the Pt-GYs is ~0.44 nm>*. It can be
concluded that Pt-GYs have a larger interlayer distance than that of Hg-GYs, which

may be because of the presence of PBus units in the skeleton.

TEPB-Pt-GY

Figure 3.7 Large-scale TEM images of (a) TEPB-Pt-GY, (b) TEPT-Pt-GY, and (c)
F-Pt-GY and HRTEM images of (c) TEPB-Pt-GY, (d) TEPT-Pt-GY, and (¢) F-Pt-

GY.
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Finally, the thermal stability of TEPB-Pt-GY, TEPT-Pt-GY, and F-Pt-GY was
analyzed by TGA, as shown in Figure 3.8. It can be seen from the TGA curves that F-
Pt-GY has the best thermal stability with the onset decomposition temperature of about
340 °C, while the onset decomposition temperature of TEPB-Pt-GY and TEPT-Pt-GY
is about 280 °C, which may be due to the semi-metallic nature of the C—F bond in this
material. In addition, we can see that the thermal stability of Pt-GY's is not much better
than that of Hg-GY's, demonstrating that the introduction of different metals into MGY's
has little influence on their thermal stability. On the contrary, the residual mass of Pt-
GYs at 800 °C after thermogravimetric analysis is about 50%, which is much higher

than the residual mass of Pt-GY's with the value of 8%.
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Figure 3.8 TGA curves of TEPB-Pt-GY, TEPT-Pt-GY, and F-Pt-GY.
3.3 Properties of platinum graphynes

There are few physical mechanisms that can cause NVR switching phenomena,
including nanomechanical memory effect, molecular resistive switching effect,
electrostatic/electronic memory effect, electrochemical metallization memory effect,

valence change memory effect, thermochemical memory effect, phase change memory

84



effect, phrase memory effect, and ferroelectric tunneling effect, etc. Although these
situations are all electrically excited resistive switching phenomena, their principles are
quite different from each other’>. For RRAM devices with both top-electrode and
bottom-electrode inert, the mechanism of RRAM devices with active layer is generally
valence change memory effect caused by charge transfer (CT) within the molecule. For
2D materials, this effect is closely related to the valence band structure and electron
distribution. In addition, for ORRAM devices, their performance is also related to the
light response of the material. Herein, we explored their properties of band structure,
light absorbance, and charge transfer using UV-Vis DRS, UPS, and EIS
characterizations as well as their semiconductor type by M-S electrochemical
measurements.

Firstly, M-S electrochemical measurements were conducted to study their
semiconductor type. Figure 3.9 showed that all the Pt-GY's are n-type semiconductors.
What’s more, the CB potential of TEPB-Pt-GY, TEPT-Pt-GY, and F-Pt-GY can be

calculated from the M-S data as —0.40, —0.30, and —0.70 V (V vs RHE), respectively.
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Figure 3.9 M-S curves of (a) TEPB-Pt-GY, (b) TEPT-Pt-GY, and (c) F-Pt-GY.
The light absorption capability of Pt-GYs was demonstrated by UV—Vis DRS, as
shown in Figure 3.10. UV—Vis DRS (Figure 3.10a) indicated that TEPT-Pt-GY have
the enhanced light absorbance than that of TEPB-Pt-GY, which indicated that the
introduction of triazine is helpful for the light absorption of Pt-GYs. In addition, UV—
Vis DRS of F-Pt-GY showed that it has a lower light absorbance than that of TEPB-
Pt-GY, which revealed that the introduction of F atoms also has an influence on the
light absorption capability of Pt-GYs. Besides, the corresponding Tauc’s plots showed
that the optical band gap (Eg) of TEPB-Pt-GY, TEPT-Pt-GY, and F-Pt-GY is 3.04,
2.69, and 3.21 eV, respectively (Figure 3.10b). Furthermore, it can be concluded that

Pt-GYs have smaller band gap than those of Hg-GY's (Figure 2.10b), which revealed
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that platinum group can decrease the energy potential of MGYs.
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Figure 3.10 (a) UV—Vis spectra and (b) Tauc’s plots of TEPB-Pt-GY, TEPT-Pt-GY,

and F-Pt-GY.

UPS was performed to verify their VB potentials, as shown in Figure 3.11.
Combined with Eg calculated from Tauc’s plots, Evem and Ecsm can be calculated by

the following equations:

? = Ecutoff — hv (D
Eypy = @ — Eedge (2
Eg = Ecgm — Evam 3)

where @ is the work function, v = 21.22 eV. Accordingly, the Evem of TEPB-Pt-GY,
TEPT-Pt-GY, and F-Pt-GY were calculated to be 2.43, 2.12, and 2.29 eV (vs. NHE),
respectively. As a result, their Ecsm potential is —0.60, —0.50, and —0.90 eV (vs. RHE),
respectively, which is consistent well with the CB potentials from M-S data. What’s
more, the corresponding band energy levels are displayed in Fig. 3.12, which indicated
clearly that the introduction of heteroatoms can have an influence on the CB and VB

potentials of Pt-GYs.
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Figure 3.11 UPS of TEPB-Pt-GY, TEPT-Pt-GY, and F-Pt-GY.
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Figure 3.12 VB and CB positions of TEPB-Pt-GY, TEPT-Pt-GY, and F-Pt-GY.

EIS were conducted to explore their electrical properties, Figure 3.13 shows that

TEPT-Pt-GY and F-Pt-GY have a superior electronic conductivity with smaller
semicircles in the Nyquist plot than that of TEPB-Pt-GY, showing an enhanced charge
transfer>® and the fitting charge transfer rate (Ret) of TEPB-Pt-GY, TEPT-Pt-GY, and

F-Pt-GY is 52.72, 46.55, and 30.01, respectively, indicating that the introduction of

heteroatoms can improve their photo-electric properties.
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Figure 3.13 EIS curves of TEPB-Pt-GY, TEPT-Pt-GY, and F-Pt-GY.
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3.4 Resistive random access memory performance

We fabricated the RRAM devices with a sandwich-like structure consisting of an
ITO bottom electrode, a Pt top inert electrode, and Pt-GYs as the active layer, as shown
in Figure 3.14a. Figure 3.14b—d showed the typical current-voltage (/-V') characteristics
curves of these RRAM devices. It can be seen clearly from the /-V curves that
Pt/PMMA+TEPB-Pt-GY/ITO memory device show a stable typical non-volatile
memory behavior with the Ion/Iot of 10°:1. But P/PMMA+TEPT-Pt-GY/ITO and
Pt/PMMA+F-Pt-GY/ITO memory devices do not show the resistive switching
behavior. For Pt/PMMA+TEPB-Pt-GY/ITO memory device, Figure 3.14b clearly
showed the resistive switching characteristics. The device was initially in a low
conductivity state (OFF state) during the positive scan from 0 to 2.7 V. Then, the current
increases sharply (107%to 107 A) at around 2.7 V, indicating that the device transferred
from the OFF state to a high conductivity state (ON state) with the Ton/Ioff ratio of about
10%:1 and remained in the high conductivity state during the subsequent positive scan
from 2.7 to 5 V. The device still remained in the ON state during the beginning of the
following negative scan from 0 to —2.8 V, then returned to the OFF state at around —2.8
V and remained in the OFF state during the subsequent negative scan from —2.8 to —5
V. The second round (blue line and green line) of /- data demonstrated that this
transformation process and its non-volatile properties are stable and repeatable. What’s
more, the non-volatile characteristic can be induced with the inert electrode, which

revealed that TEPB-Pt-GY acts as the active layer in the device.
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Figure 3.14 (a) Schematic representation of the sandwich-like structure of
Pt/PMMA+Pt-GYs/ITO. [-V curves of the RRAM devices: (b) Pt/PMMA+TEPB-

Pt-GY/ITO, (c) P/PMMA+TEPT-Pt-GY/ITO, and (d) Pt/PMMA+F-Pt-GY/ITO.

DFT calculations were performed to explore the mechanism of the electrical
resistive switching behavior of Pt/PMMA+TEPB-Pt-GY/ITO RRAM device.
According to previous works related to RRAM devices with inert electrodes and similar
materials, the mechanism is generally reported as valence change caused by CT***7,
For this work, the valence change can be induced with Pt ion and the introduction of
the heteroatoms can alter the electron landscape in the materials. Combined with the
phenomenon that the non-volatile behavior can be triggered by a positive scan, it can
be speculated that the valence state change process of Pt ion should be Pt(II)-to-Pt(IV)
during the positive scan, which is an oxidation process losing electrons. Therefore, the

high electron density in and around the Pt atom would be detrimental to this process.
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Herein, we built suitable models with TEPB-Pt-GY, TEPT-Pt-GY, and F-Pt-GY in
the active layer. Electrostatic potential (ESP) images clearly displayed that the electron
density around Pt ion in TEPB-Pt-GY is lower than those in TEPT-Pt-GY and F-Pt-
GY, which provided strong evidence that the conversion process of Pt(II)-to-Pt(IV) is
more likely to occur with TEPB-Pt-GY ( Figure 3.15). Combined with EIS analysis
that TEPT-Pt-GY and F-Pt-GY possess larger charge transfer rate than that of TEPB-
Pt-GY (Figure 3.13), it can be concluded that the valence state change is the dominant

mechanism of the electrical resistive switching behavior.
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Figure 3.15 ESP images of (a) TEPB-Pt-GY, (b) TEPT-Pt-GY, and (c) F-Pt-GY.

To explore the non-volatile behavior of TEPB-Pt-GY based RRAM device, the
other two two-terminal structures with different top electrodes (inert electrode: Au and
active electrode: Ag) were fabricated based on TEPB-Pt-GY materials, as shown in
Figure 3.16a, b. The -V curves of the Ag/PMMA+ Pt-GYs/ITO RRAM device

(Figure 3.16c) also showed electrical resistive switching behavior but were not very
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stable. In addition, for the memory device with active electrodes, the mechanism
generally involves the formation of conductive filament®. On the other hand,
Au/PMMA+Pt-GYs/ITO RRAM device with an inert electrode showed a non-volatile
characteristic during the positive scan, and the behavior was hardly detected during the
negative scans and the non-volatile characteristic was very unstable (Figure 3.16d).
Such characteristics are different from those of Pt/PMMA+TEPB-Pt-GY/ITO
memory devices, which may come from different preparation methods for the Pt
electrode and Au electrode. Therefore, it can be concluded that the inert Pt electrode is

the most suitable for the RRAM device.
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Figure 3.16 (a, b) Schematic representation of the sandwich-like structure of
Ag/PMMA+TEPB-Pt-GY/ITO and Au/PMMA+TEPB-Pt-GY/ITO. I~V curves of

the RRAM devices: (c) Ag/PMMA+TEPB-Pt-GY/ITO and (d) Auw/PMMA+TEPB-
Pt-GY/ITO.

The retention time (/¥ plot) of the OFF and ON states of the Pt/PMMA+TEPB-

Pt-GY/ITO memory devices at a read voltage of 0.1V was conducted to evaluate its
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reliability, as shown in Figure 3.17a. It is worth noting that the OFF/ON status of the
tested devices can remain stable for more than 12000 s without obvious fluctuations,
which indicated that the TEPB-Pt-GY-based RRAM devices had good retention
properties, making them suitable for data storage. The cyclic switching operation was
performed to further study the durability of Pt/PMMA+TEPB-Pt-GY/ITO memory
devices, as shown in Figure 3.17b. It is evident that both high resistivity state (HRS,
OFF state) and low resistivity state (LRS, ON state) remain stable up to 400 pulse
numbers, illustrating the excellent reproducibility of such RRAM devices. Therefore,
the RRAM devices based on TEPB-Pt-GY exhibit excellent stability and have great

potential for practical applications.
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Figure 3.17 (a) Retention time test of Pt/PMMA+TEPB-Pt-GY/ITO memory device

under read voltage of 0.1 V. (b) Endurance cycle test of Pt/PMMA+TEPB-Pt-GY/ITO

memory device.
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Figure 3.18 (a) -V curves of Pt/PMMA+TEPB-Pt-GY/ITO memory without (red)
and with (blue) light stimulation. (b) Relationship between PPF index and time interval.
(c) Light-intensity-dependent (150, 175, 200, 225, and 250 mW cm?2) current with a
pulse width of 100 ms. (d) Light-time-dependent (100, 300, 500, and 1000 ms) current

with a pulse intensity of 150 mW c¢m 2.

Pt/PMMA+TEPB-Pt-GY/ITO ORRAM can respond to light and output a
resistance state depending on the light intensity and stimulation time, which indicated
that this device can be used to imitate the basic characteristics of synaptic plasticity,
achieving learning and memory functions of the human brain. Figure 3.18a
schematically showed the output current of the ORRAM synaptic device before and
after illumination at the wavelength of 365 nm, showing its photo-responsive

characteristics. Subsequently, we simulated paired-pulse facilitation (PPF), in which a
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previous pulse can promote subsequent responses at biological synapses. The
percentage change of the peak current ((A2 —A1)/Al, defined as the PPF index) showed
a negative relationship with the time interval (inert Figure 3.18b). Figure 3.18b showed
that the extracted PPF index is approximately 18% at the beginning time, while the PPF
index decreases exponentially as the interval increases from 0 s to 10 s. Additionally,
the effect of light intensity and illumination time on synaptic behavior was investigated
to study their light-sensing capabilities and synaptic function. Figures 3.18c, d showed
the spike current and relaxation time as a function of light intensity and pulse width,
respectively. The rate of spike current and relaxation time increases with increasing

light intensity and pulse width, which fully confirms its synaptic plasticity.
3.5 Conclusion

In summary, a series of Pt-GYs of TEPB-Pt-GY, TEPT-Pt-GY, and F-Pt-GY were
successfully synthesized. Then we performed FTIR, solid-state '3C-NMR and XPS
spectroscopy, PXRD patterns, and TEM images to analyze their structures and
morphologies. In addition, their basic optoelectronic properties were investigated by
using UV-Vis DRS, UPS, EIS, and M-S electrochemical measurements, which
indicated that all the Pt-GY's materials are n-type semiconductors, and the introduction
of heteroatoms have an important influence on their band structures and electron
distribution. Finally, these Pt-GYs based RRAM devices were fabricated and we found
that Pt/PMMA+TEPB-Pt-GY/ITO memory device exhibited a good and stable non-

volatile memory behavior with the Ion/Iotr of 10%:1. It was speculated that the domain
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mechanism of the electrical resistive switching behavior should be the valence state
change. What” more, both the retention time test and the endurance cycle test
demonstrate that the Pt/PMMA+TEPB-Pt-GY/ITO RRAM device possesses a great
potential for practical applications. Furthermore, it is noted that such memory device
can also be switched to the LRS under light illumination by an UV laser with a
wavelength of 365 nm, which indicated that such memory device can be regarded as an
ORRAM synaptic device that not only store optical information but also perform light-
tunable synaptic functions. This work shows that the Pt/PMMA+TEPB-Pt-GY/ITO
ORRAM device presents a great potential in the application of neuromorphic vision
systems, such as the first stage of image processing including image contrast

enhancement and noise reduction.
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Chapter 4
Synthesis and Properties of Nickel Graphynes and Application

Studies in the Photocatalytic CO; Reduction to CO
4.1 Introduction

The rapid development of human society since the Industrial Revolution has
intensified the use of non-renewable fossil fuels (such as coal, oil, and natural gas).
Heavy reliance on these fossil fuels has gradually destroyed the balance of the carbon
cycle, leading to an explosive increase in carbon dioxide (CO2) emissions, which has
led to serious global warming problems!*. Therefore, effective capture and utilization
of COz has become an increasingly urgent issue. To date, photocatalytic CO2 reduction
reaction (CO2RR) that utilizes clean and abundant solar energy to mimic natural
photosynthesis is considered as a carbon-neutral and sustainable strategy to convert
CO:2 into high-value-added chemical energy, thereby solving global energy and
environmental issues>®. In the past few decades, great efforts have been made mainly
on various traditional semiconductor photocatalysts including metal oxides, metal
dichalcogenides, and metals/metal-oxides composites’'*. However, problems such as
poor CO: adsorption capacity, low intermolecular electron transfer efficiency, low
reaction activity, and poor product selectivity still exist for the COz transformation. To
overcome these problems, two-dimensional (2D) materials, such as covalent organic
frameworks (COFs)!'>!'%, metal-organic frameworks (MOFs)!”!¥, metal-covalent

organic frameworks (MCOFs)!®, and graphdiyne (GDY)?, have shown great
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advantages due to their higher surface area-to-volume ratio that facilitates solar energy
collection, atomic-level thickness that can reduce carrier recombination, and sufficient
surface coordination. Unsaturated sites can serve as active centers®'-?,

Recently, metallated graphynes (MGY3s), as a new class of functional 2D materials
consisting of aromatic rings and -C=C-M—-C=C- linkage, have attracted great attention
because they combine the advantages both of GDY and single metal atoms, such as
highly ordered pores, high © conjugation, and large surface area?*->>. More importantly,
the metals in the -C=C-M-C=C- linkage tend to become possibly catalytically active
centers and are relatively stable when compared to metal-anchored 2D materials.
Moreover, the easy delocalization of electrons in high-energy acetylenic bonds helps
improve the electron transfer rate of the material?®?’. Hg-GYs, Cu-GYs, and Co-GYs
have been explored as efficient photo- and electro-2D catalysts for hydrogen evolution
reaction (HER), oxygen reduction reaction (ORR), or CO2RR?**-%°, In another aspect,
the transition metal, nickel (Ni), has been suggested to promote the efficiency of
photocatalytic CO2RR with nanomaterials anchored with single-atom Ni, such as Ni—
N—C catalysts and Ni-single atom catalysts (Ni-SACs)*!"*3. Therefore, nickel graphynes
(Ni-GYs) can be expected to be a promising 2D material for efficient photocatalytic
COz2RR. In addition, organic units in 2D materials can also affect the performance of
CO2RR by systematically adjusting electron-withdrawing groups or electron-donating

groups*. Furthermore, different groups in the organic unit will change the electron

mobility of the material, which is also crucial to the CO2RR performance®. Generally,
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the photocatalytic CO2RR mainly involves three processes: (i) the semiconductor
material absorbs light to generate electron-hole pairs, (ii) the electron-hole pairs are
separated and transferred to the surface of the semiconductor material, and (iii)) CO2RR
occurs on the surface of semiconductor materials*®. However, an understanding of the
entire reaction process for the complete mechanism still needs to be explored deeply.
Herein, we reported a series of Ni-GY's with different organic struts (TEPB-Ni-
GY, TEPT-Ni-GY, NH>-Ni-GY, and F-Ni-GY) and studied the effect of the
introduction of different functional groups on their crystal structures, electronic
structures, and their photocatalytic CO2RR performance. It is found that the
introduction of heteroatoms or active groups has an important effect on their electronic
structures and their performance of photocatalytic CO2RR. The photocatalytic CO2RR
performance showed that all the Ni-GYs show good performance of photocatalytic
CO:2RR under visible-light irradiation (A > 420 nm) with photosensitizer of ruthenium
terpyridine and electron donor of TEOA in the mixed solvents (Vacn/Vizo = 5:1), and
the CO production rate of NH»-Ni-GY, F-Ni-GY, TEPT-Ni-GY, and TEPB-Ni-GY is
478, 5.84, 6.23, and 9.08 mmol g ' h!, respectively. Notably, comprehensive
experiments and DFT calculations revealed that Ni atoms in the skeleton act as the
catalytic centers, and the heteroatoms or active groups in organic struts (N, F, and NH>)
can increase the electron density of Ni atoms and alter the electron distribution around
Ni atoms. This work reveals the relationship between the structures of Ni-GY's and their

photocatalytic CO2RR performance, providing a general guidance for the design of
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more competitive photocatalysts.

4.2 Synthesis and characterization of nickel graphynes

4.2.1 Synthesis of the organic ligands

The platinum complex of frans-Ni(PBu3):Cl> was prepared from the reaction of
NiCl2#6H20 with tributylphosphine (PBu3) and the synthetic routes are shown in Figure
4.1. The structure of trans-Ni(PBus),Cl> was characterized by '"H NMR, '*C NMR, and
3'PNMR (Details are shown in Chapter 5). The synthetic routes of the designed organic
ligands (TEPB, TEPT, TEBA, and TEFB) were the same as Figure 2.1 in Chapter 2,

which were no longer displayed here.

]|?BU3
80°C, 1h .

NiCl,*6H,0  + PBuy ClI—Ni—Cl
MeOH, THF |

PBU3

Figure 4.1 Synthetic route of #rans-Ni(PBus):Cl,
4.2.2 Synthesis of the nickel graphynes

TEPB-Ni-GY, TEPT-Ni-GY, NH>-Ni-GY, and F-Ni-GY were synthesized via
the base-catalyzed dehydrohalogenation reactions from the ligands of TEPB, TEPT,
TEBA, and TEFB with trans-Ni(PBu3):Cl,, respectively, as shown in Figure 4.2.
(details are shown in Chapter 5). What’s more, it was found that TEPT-Ni-GY can be
obtained at room temperature (RT) in comparison of lower yield of TEPB-Ni-GY,
NH>-Ni-GY, and F-Ni-GY at RT, which indicated that TEPT is easier to coordinate

with trans-Pt(PBu3)2Cl; than TEPB, TEBA, and TEFB.
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Figure 4.2 Synthetic routes of the nickel graphynes of (a) TEPB-Ni-GY, (b) TEPT-

Ni-GY, (c) NH2-Ni-GY, and (d) F-Ni-GY.
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4.2.3 Characterization of the nickel graphynes

To comprehensively characterize the chemical structures of Ni-GYs, we first
performed their FTIR spectra, as shown in Figure 4.3. The sharp peaks at = 3200 cm!
of the organic ligands can be assigned to the = C-H stretching vibrations and
disappeared in the FTIR spectra of the Ni-GY's, which indicated that the base-catalyzed
dehydrohalogenation reactions were completed®’. What’s more, the characteristic
absorption peaks at about 2950 cm™!, 2920 cm™!, and 2860 cm™! in all spectra correspond
to the saturated C—H stretching vibrations of the butyl groups®’, indicating that trans-

Ni(PBu3)2Cl2 coordinated successfully with the as-designed organic ligand.
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Figure 4.3 FTIR spectra of the nickel graphynes and their corresponding organic

ligands of (a) TEPB-Ni-GY, (b) TEPT-Ni-GY, (c) NH2-Ni-GY, and (d) F-Ni-GY.
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In addition, for TEPT-Ni-GY, the peaks at 1516 cm’!, 1359 cm™!, and 820 cm’!
(Figure 4.3b) can be assigned to the triazine ring®®. Furthermore, for NH»-Ni-GY, the
peaks at 3300-3400 cm™ can be assigned to the typical absorption peaks of amine
groups for its symmetrical and asymmetrical stretching vibration®°. For F-Ni-GY, the
peak at 1110 cm™ can be assigned to the semi-ionic C—F bond*’, which showed that the

heteroatoms or active groups retained in the frameworks.

TEPB-Ni-GY

TEPT-Ni-GY

b
Il
‘_l_| Bu;P-);rl"Bu3

NH,-Ni-GY

200 150 100 50 0
Chemical Shift (ppm)

Figure 4.4 Solid-state '*C NMR spectra of TEPB-Ni-GY, TEPT-Ni-GY, and NH»-

Ni-GY.
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The solid-state '*C cross-polarization magic-angle spinning NMR was then
performed to verify their chemical structures, as shown in Figure 4.4. It can be seen
from all the spectra that the peaks at =~ 8 and = 19 ppm indicate the presence of the butyl

4142 and the peaks at = 80 and =~ 110 ppm can be assigned to the

groups in Ni-GYs
carbon atoms in the -C=C-Ni—-C=C— moieties*’. In addition, the peaks in the range of
120-140 ppm in the top spectra can be attributed to the phenyl groups in Ni-GYs*.
What’s more, the peak at =170 ppm in the bottom spectra can be assigned to triazine
groups in TEPT-Ni-GY?*. These assignments verify the structure of the design and are
consistent well with the results from FTIR spectra. On the other hand, XPS was
conducted to illustrate the chemical states of the existing elements in Ni-GY's. The full-
XPS spectra of TEPB-Ni-GY (Figure 4.5a) showed that the binding energy of 285.07,
190.28, 132.87, 69.44, and 874.47 and 856.33 eV can be ascribed to C 1s, P 2s, P 2p,
Ni 3p, Ni 2p12, and Ni 2p3p, respectively®. For TEPT-Ni-GY, the binding energy of
N Is was 399.25 eV and the binding energy of C 1s, P 2s, P 2p, Ni 3p, Ni 2pi.2, and Ni
2p3n were 285.07, 190.31, 132.56, 68.70, and 874.22 and 856.52 eV, respectively
(Figure 4.5b). For NH»-Ni-GY, the binding energy of N Is was 399.88 eV and the
binding energy of C 1s, P 2s, P 2p, Ni 3p, Ni 2pi2, and Ni 2p32 were 285.07, 189.45,
133.49, 68.07, and 874.01 and 856.67 eV, respectively (Figure 4.5¢). For the F-Ni-GY,
the XPS spectra showed that the binding energy of 832.62 and 685.58 eV were assigned

to F KLL (Auger transition) and F 1s and the binding energy of C 1s, P 2s, P 2p, Ni 3p,

Ni 2pis2, and Ni 2p32 were 285.90, 190.37, 132.59, 68.78, and 875.06 and 856.68 eV,
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respectively (Figure 4.5d). These assignments of the elements for all Ni-GYs showed
that the introduction of heteroatoms and active groups hardly affects the chemical states

of the metal elements.

a |__tepe-Ni-GY c1 b — TEPT-Ni-GY
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Figure 4.5 XPS spectra of (a) TEPB-Ni-GY, (b) TEPT-Ni-GY, (¢) NH»-Ni-GY, and
(d) F-Ni-GY.

The morphologies of TEPB-Ni-GY, TEPT-Ni-GY, NH>-Ni-GY, and F-Ni-GY
were characterized by TEM images. Low resolution of TEM images (Figure 4.6a—d)
demonstrated that all the Ni-GY's possessed a layered structure. In addition, HRTEM
images shown in Figures 4.7 revealed that the interlayer distance of the Ni-GY's was
~0.44 nm, which indicated that they have the same interlayer distance as that of Pt-GY's
because these two series of MGYs have almost the same chemical structures. Their
interlayer distances are larger than those of Hg-GY's due to the presence of PBus units

in the skeleton.
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TEPT-Ni-GY

Figure 4.6 Low-resolution TEM images of (a) TEPB-Ni-GY, (b) TEPT-Ni-GY, (c)
NH:-Ni-GY, and (d) F-Ni-GY.
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Figure 4.7 High-resolution TEM images of (a) TEPB-Ni-GY, (b) TEPT-Ni-GY, (c)
NH:-Ni-GY, and (d) F-Ni-GY.
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To explore the crystal natures of TEPB-Ni-GY, TEPT-Ni-GY, NH»-Ni-GY, and
F-Ni-GY, their PXRD patterns were conducted (Figure 4.8). It can be concluded that
all the Ni-GYs were featured with the same crystal type and showed the same
diffraction peaks at the 20 angles of about 10° and 20° In addition, we can also see from
the spectra that the intensity of patterns remained unchanged among different samples,
which revealed that the organic ligands can also have little influence on their
crystallinity. On the other hand, the diffraction peak at the 20 angle of = 20° can be

assigned to the interlayer distance with 0.44 nm*°.

— TEPB-Ni-GY
— TEPT-Ni-GY
N ——NH,-Ni-GY
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W
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Figure 4.8 PXRD patterns of TEPB-Ni-GY, TEPT-Ni-GY, NH>-Ni-GY, and F-Ni-
GY.

Finally, the thermal stability of TEPB-Ni-GY, TEPT-Ni-GY, NH>-Ni-GY, and
F-Ni-GY was analyzed by TGA, as shown in Figure 4.9. It can be seen from the TGA
curves that the onset decomposition temperature of all the samples is about 180 °C,
which indicated their good thermal stability. Furthermore, it can be concluded that the
thermal stability of Ni-GY's is lower than those of Pt-GYs and Hg-GY's, which may be

due to the fact that the bond strength of nickel-acetylene is smaller that of platinum-
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acetylene and mercury-acetylene.
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Figure 4.9 TGA curves of TEPB-Ni-GY, TEPT-Ni-GY, NH>-Ni-GY, and F-Ni-GY.
4.3 Properties of nickel graphynes

As we all know, the catalytic performance of materials has a big relationship with
their basic properties, such as the type of semiconductor, the band structure, and the
electron transport capability. Therefore, UV—Vis DRS, UPS, M-S electrochemical
measurements, and EIS were conducted. Firstly, their semiconductor type was studied
by the M-S electrochemical measurements, as shown in Figure 4.10. M-S curves
showed that all the Ni-GYs are n-type semiconductors, indicating that Ni-GYs are
suitable for the catalytic reduction reaction. In addition, the M-S curves also
demonstrated that the CB potential of TEPB-Ni-GY, TEPT-Ni-GY, NH»-Ni-GY, and

F-Ni-GY is —0.30, —0.80, —0.80, and —0.60 V, respectively (V vs RHE).
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Figure 4.10 M-S curves of (a) TEPB-Ni-GY, (b) TEPT-Ni-GY, (c) NH:-Ni-GY, and
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(d) F-Ni-GY.
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Figure 4.11 (a) UV—Vis spectra and (b) Tauc’s plots of TEPB-Ni-GY, TEPT-Ni-GY,

NH>-Ni-GY, and F-Ni-GY.

UV-Vis spectroscopy was performed to explore the light absorbance and band

structure. Figure 4.11a showed that all the samples possess good light absorption ability

and revealed that the introduction of reactive groups and heteroatoms can change their
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light absorption capability. In addition, it can be concluded that the introduction of
amino groups and N atoms into Ni-GYs increase their light absorbance while the
introduction of F atoms decreases the light absorbance. On the other hand, the
corresponding Tauc’s plots showed that the optical band gap (Eg) of TEPB-Ni-GY,
TEPT-Ni-GY, NH>-Ni-GY, and F-Ni-GY is 2.50, 2.31, 2.61, and 2.22 eV, respectively
(Figure 4.11b). Furthermore, compared to Pt-GYs and Hg-GYs, Ni-GYs have the
smallest band gap, which revealed that the nickel metal has the biggest ability to
decrease the energy potential of MGYs. What’s more, their VB potentials were
demonstrated by UPS, as shown in Figure 4.12. Combined with Eg calculated from

Tauc’s plots, the Evem and Ecsm can be calculated by the following equations:

? = Ecutoff — hv (D
Evpy = @ — Eedge 2
Eg = Ecgm — Evem (3)

where @ is the work function, 4v = 21.22 eV. Accordingly, the Evem of TEPB-Ni-GY,
TEPT-Ni-GY, NH>-Ni-GY, and F-Ni-GY were calculated to be 2.00, 1.31, 1.22, and
1.81 V (V vs. NHE), respectively. As a result, their Ecsm potentials were calculated as
—0.50, —1.00, —1.00, and —0.80 V (V vs. RHE), respectively, which matched well with

the CB potentials displayed from M-S data.
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Figure 4.12 UPS of TEPB-Ni-GY, TEPT-Ni-GY, NH:-Ni-GY, and F-Ni-GY.
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Finally, the corresponding band energy levels were displayed in Figure. 4.13 and
indicated that the introduction of heteroatoms has an important influence on the CB and

VB potentials of Ni-GYs.

-1.00V -1.00V nan v

-0.50V

A%

131V 1.2

E/V Vs NHE

2.00V

TEPB-Ni-GY TEPT-Ni-GY NH,-Ni-GY FNi-GY

Figure 4.13 VB and CB positions of TEPB-Ni-GY, TEPT-Ni-GY, NH:-Ni-GY, and

F-Ni-GY.

EIS were conducted to explore their charge transfer ability, as shown in Figure
4.14. It was found from EIS that NH2-Ni-GY has the best electronic conductivity with
the smallest semicircles of the Nyquist plot among Ni-GYs and the fitting charge
transfer rate (Rct) of TEPB-Ni-GY, TEPT-Ni-GY, NH-Ni-GY, and F-Ni-GY is 30.01,
29.31,27.35, and 24.01, respectively, indicating that the introduction of heteroatoms or

active group can improve their electronic properties.
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Figure 4.14 EIS curves of TEPB-Ni-GY, TEPT-Ni-GY, NH»-Ni-GY, and F-Ni-GY.

4.4 Photocatalytic reduction of CO; to CO performance

We performed photocatalytic CO2 reduction experiments with TEPB-Ni-GY,
TEPT-Ni-GY, NH>-Ni-GY, and F-Ni-GY under visible-light irradiation (A > 420 nm)
in the mixed solvents (Vacn/Vi2o = 5:1) with photosensitizer (PS) of ruthenium
terpyridine and electron donor of TEOA and found that all the samples exhibit a good
performance of photocatalytic CO2RR. It can be found that the CO production rate of
TEPB-Ni-GY, TEPT-Ni-GY, F-Ni-GY, and NH2-Ni-GY is 4.78, 5.84, 6.23, and 9.08
mmol g! h™!, respectively, which indicated that the introduction of heteroatoms into
the frameworks can improve the photocatalytic CO2RR performance. To explore the
catalytic path and the role of each component in the system, we conducted a series of
control experiments under different catalytic conditions and the results are displayed in

Table 1. It can be seen from the table that the CO production rate became very low
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without any of the ingredients of ACN, H20, or PS. Accordingly, we can conclude that
the role of the photosensitizer is to absorb light for the catalytic reaction system and Ni-

GYs just act as catalysts. In addition, the electrons and protons for the catalytic reaction

were provided by TEOA and water, respectively*’*.

Table 4.1. CO production rate of TEPB-Ni-GY, TEPT-Ni-GY, F-Ni-GY, and NH,-

Ni-GY under different catalytic conditions.

CO production | CO production | CO production | CO production
Catalytic conditions rate of rate of rate of rate of
TEPB-Ni-GY | TEPT-Ni-GY F-Ni-GY NH>-Ni-GY
(mmol g 'h™!) | (mmolg'h™) | (mmolg'h™!) | (mmolg'h™)
ACN/H>O/PS/TEOA 4.787 5.846 6.233 9.084
ACN/H>O/TEOA 0.001 0.003 0.003 0.005
ACN/PS/TEOA 0.004 0.005 0.005 0.007
H,O /PS/TEOA 0.002 0.003 0.004 0.006

Subsequently, we also performed the photocatalytic reactions with a long period
to study the activity. It was found that the production of CO gradually increased in 5 h
and showed a linear relationship within the first 5 h (Figure 4.15a). The CO production
of TEPB-Ni-GY, TEPT-Ni-GY, F-Ni-GY, and NH>-Ni-GY was found to be nearly
17, 20, 21, and 27 mmol g !, respectively, at 5 h, which exceeded the performance of
the other reported 2D materials. In addition, all the Ni-GY's exhibited a good selectivity
for CO production during the catalytic reaction. Figure 4.15b showed that compared to
the competitive product of Hz, the selectivity for CO production of TEPB-Ni-GY,

TEPT-Ni-GY, F-Ni-GY, and NH»-Ni-GY reached 95%, 95%, 96%, and 98%,
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respectively. The performance of Ni-GYs is relatively better than the other materials
(listed in Table 4.2). Such findings revealed that the introduction of heteroatoms and
amino groups can not only improve the activity of photocatalytic CO2RR, but also
enhance their selectivity, especially for F atoms and amino groups. Finally, cyclic tests
were conducted to evaluate their stability. Figure 4.15¢—f showed that all Ni-GYs

exhibited good stability in the photocatalytic CO2RR.
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Figure 4.15 (a) CO production of TEPB-Ni-GY, TEPT-Ni-GY, NH»>-Ni-GY, and F-
Ni-GY in 5 h. (b) CO/Hz2 production rate of TEPB-Ni-GY, TEPT-Ni-GY, NH»-Ni-
GY, and F-Ni-GY. Repeatability performance of (c) TEPB-Ni-GY, (d) TEPT-Ni-GY,
(e) F-Ni-GY, and (f) NH>-Ni-GY.
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Table 4.2. Photocatalytic CO2 reduction systems in aqueous solution for CO production.

Photocatalyst Irradiation condition | Selectivity CO(umol ht g™h) Ref.
Ni MOLs 5 W white LED light 97.8% 12.5 umolh g™ 49
Ru(bpy)sCl; (400 nm <A <800 nm)
Nis(HITP), 100 W LED light 97% 3.45x10%umol h't gt | 50
Ru(bpy)sCl. (A =420 nm)
spongy nearly 51
Ni(TPA/TEG) 300 W Xe lamp 100% 1.6 x10* umol h* g*
nanostructure (A >420 nm)
Ru(bpy)sCl,
Ni-TpBpy 300 W Xe lamp 96 % 966 pmol h* g? 52
[Ru(bpy)s]Cl: (A >420 nm)
Co-ZIF-9 Xe lamp 58 % TON: 89.6 53
[Ru(bpy)s]Cl., (A >420 nm)
Zr-Ui0-66-NH; Xe lamp 35% TON: 4.3 53
[Ru(bpy)s]Cl. (A > 420 nm)
Res;-MOF 300 W Xe lamp 100% TON: 2.8 54
Ag nanocubes (A =400-700 nm)
Zr604(OH)4 410 nm LED 94% TON: 6.4 55
[Re(5,5bpydb)(CO)sCl]s
225 W Xe lamp 98% ~15 mmol COl/g 56
Re-COF (A > 420 nm) >20h
MAF-X27-OH LED light 97% 28x103s? 57
Ru(bpy)sCl. (A =420 nm) (TOF)
Col-G 300 W Xe lamp 79% TON: 374 58
Ru(bpy)sCl; (A > 420 nm)
Co0304 300 W Xe lamp 2003 pmol h™t g* 59
hexagonal platelets (A > 420 nm) 77.1%
Ru(bpy)sCl;
PCP-Rull 300 W Xe lamp 15% TON: 8.1 60
Ru(bpy)sCl. (A = 385-740 nm)
NH,-Ni-GY 300 W Xe lamp 98% 9.1 x10*umol h™* gt | This
(A > 420 nm) work
F-Ni-GY 300 W Xe lamp 96% 6.2 x10* umol h™* g | This
(A >420 nm) work
TEPT-Ni-GY 300 W Xe lamp 96% 5.8 x10* umol h*g* | This
(A >420 nm) work
TEPB-Ni-GY 300 W Xe lamp 96% This
4.7 x10* umolh* g?
(A >420 nm) work
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To further explore the mechanism of superior performance of TEPB-Ni-GY,
TEPT-Ni-GY, F-Ni-GY, and NH;-Ni-GY toward photocatalytic CO2RR, DFT
calculations were conducted. It is noted that the density of electron on the metals has a
great influence on the catalytic reactions as well as the electron distribution around
metals. Generally, the higher the electron density in the metal centre, the better the
performance of photocatalytic CO2RR. Hence, reasonable models were built to perform
DFT calculations to illustrate their electronic properties which related to the
photocatalytic performance. The images of electrostatic potential (ESP), shown in
Figure 4.16a—d, clearly showed the landscape of electrons and revealed that the electron
density on nickel in TEPT-Ni-GY, F-Ni-GY, and NH>-Ni-GY is higher than that in
TEPB-Ni-GY, indicating that introduction of heteroatoms and amino groups into the
frameworks can alter the electron distribution within Ni-GYs**. Therefore, the
performance of TEPT-Ni-GY, F-Ni-GY, and NH»-Ni-GY toward photocatalytic
CO:2RR is improved with the enhanced electron density on the metal of nickel. What’s
more, it can be seen from the comparison of ESP images of TEPB-Ni-GY and TEPT-
Ni-GY that the introduction of triazine into the frameworks enables TEPT-Ni-GY with
a flatter two-dimensional surface, which is beneficial to the transmission of electrons

on the surface.
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Figure 4.16 ESP images of (a) TEPB-Ni-GY, (b) TEPT-Ni-GY, (¢) NH>-Ni-GY, and
(d) F-Ni-GY.

In order to analyse the electron distribution more intuitively, we calculated the
Mulliken charges that can be used to characterize the electronic charge distribution in
a molecule and the bonding nature of the molecular orbitals for particular pairs of
atoms®?. As displayed in Table 4.3, the Mulliken charge on nickel in TEPB-Ni-GY,
TEPT-Ni-GY, F-Ni-GY, and NH>-Ni-GY is —0.046, —0.058, —0.064, and —0.066 eV,
respectively. In addition, the Mulliken charge on the C atoms of acetylene (Cai, Cpi,
Cow2, and Cp2) of TEPB-Ni-GY, TEPT-Ni-GY, F-Ni-GY, and NH;-Ni-GY are also
displayed in Table 2. Such analysis of Mulliken charge also demonstrates that
heteroatoms and amino groups can help optimize the electron distribution in the

frameworks, which are consistent well with ESP analysis.
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Table 4.3. Mulliken charges on nickel and C atoms of acetylene (Cai1, Cp1, Co2, and Cp2)

of TEPB-Ni-GY, TEPT-Ni-GY, F-Ni-GY, and NH»>-Ni-GY.

Atom Mulliken charges | Mulliken charges | Mulliken charges | Mulliken charges

(eV) of (eV) of (eV) of (eV) of
TEPB-Ni-GY TEPT-Ni-GY F-Ni-GY NH:-Ni-GY
Nickel —0.046 —0.058 —0.064 —0.066
Cal —0.042 —0.056 —0.052 —0.096
Cpi —0.054 —0.056 —0.052 —0.096
Co —0.204 -0.216 —-0.215 —0.189
Cp2 -0.213 -0.216 -0.215 —0.189
—C=C-Ni-C=C—
a2 ol 1 p2

4.5 Conclusion

In summary, we successfully synthesized a series of nickel graphynes of TEPB-
Ni-GY, TEPT-Ni-GY, F-Ni-GY, and NH:-Ni-GY. Firstly, their structures and
morphologies were characterized comprehensively with FTIR, solid-state '*C-NMR
and XPS spectroscopy, PXRD patterns, and TEM images, which demonstrated that all
the materials were prepared as designed and all the materials possess 2D structures in
nanoscale. In addition, UV-Vis DRS, UPS, EIS, and M-S electrochemical
measurements were performed to study their basic optoelectronic properties. Such
characterizations illustrated that all the materials are n-type semiconductors, and the
introduction of heteroatoms and amino groups can help alter their band structures, thus,

improving their light absorption ability and charge transfer rate. Furthermore,

photocatalytic CO2RR was conducted and revealed that all the Ni-GY's exhibit a good
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performance toward the CO2-to-CO production. It is noted that TEPT-Ni-GY, F-Ni-
GY, and NH2-Ni-GY have a better performance with the CO production rates of 5.84,
6.23, and 9.08 mmol g ' h™!, respectively than that of TEPB-Ni-GY with the CO
production rate of 4.78 mmol g™! h™!, which indicates that heteroatoms and amino
groups can improve the photocatalytic CO2RR performance of Ni-GYs. Besides, the
DFT calculations further revealed the mechanisms that the introduction of heteroatoms
and amino groups into frameworks can help optimize their electron distribution to
achieve an enhanced electron density on the metal centers as well as their surrounding
moieties, thus achieving a better performance toward photocatalytic CO2RR. This is the
first work example of using nickel graphynes in the application of photocatalytic

CO2RR, shedding fresh light on the future design for efficient photocatalysts.
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Chapter 5

Experimental Details
5.1 General information

All reagents and solvents were received from commercial suppliers and used
without further purification unless otherwise noted. Mercury dichloride (HgClz2, >
98.0%, Energy), triethylamine (EtN, 99.5%, TCI), methanol, anhydrous
dichloromethane (DCM), trimethylsilylacetylene (> 98.0%, TCI), 2.4,6-tris(4-
bromophenyl)-1,3,5-triazine (> 97.0%, TCI), 1,3,5-trifluoro-2,4,6-tritodobenzene (>
97.0%, TCI), 1,3,5-tris(4-bromophenyl)benzene (> 98.0%, TCI), 2,4,6-tribromoaniline
(> 98.0%, TCI), bis(triphenylphosphine)palladium(II) chloride (PdCl2(PPhs)2, 98.0%,
J&K), potassium carbonate (K2COs, J&K), and copper iodide (Cul, 98.0%, J&K).
Diatom powder and silica gel for column chromatography were used from Sigma-
Aldrich (pore size 60 A, 70-230 mesh, and 63-200 pum). Nafion (5% w/w) was used
from Sigma-Aldrich.

All reactions were carried out under nitrogen unless otherwise stated.
Commercially available reagents were used without further purification. All reactions
were monitored by thin-layer chromatography (TLC) with Merck pre-coated aluminum
plates. Compounds were visualized with UV light irradiation at 254 and 365 nm.
Separation or purification of products was achieved by column chromatography using

silica gel from Huanghai (200-300 mesh). The chemical structures of organic ligands
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were characterized by 'H and '*C NMR spectra using a 400 MHz spectrometer (Bruker
ascend 400 MHz NMR spectrometer). Solid-state '*C NMR spectra were recorded on
a Bruker Avance III 600 MHz NMR spectrometer. Chemical shifts of NMR spectra
were reported in parts per million (ppm) relatives to tetramethylsilane (6 = 0). The
following abbreviations were used to describe peak splitting patterns when appropriate:
s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublet.
The mass of organic compounds was measured on a Bruker UltrafleXtreme MALDI-
TOF mass spectrometer. Fourier transform infrared (FT-IR) spectra were recorded on a
Thermo-Nicolet 6700 spectrometer in the 4000-500 cm ™! range. The morphology of
the samples was investigated via scanning electron microscopy (SEM) on an FEI
SIRION200 microscope and transmission electron microscopy (TEM) with a JEM-
ARM 2100F Atomic Resolution Analytical Microscope. The crystal structure of the as-
prepared products was characterized by powder X-ray diffraction (PXRD) by using a
Japan Rigaku DMax-yA rotation anode X-ray diffractometer equipped with graphite
monochromatic Cu Ko radiation (A = 1.54178 A). Diffuse reflectance spectra (DRS)
were collected at room temperature with a UV—Vis spectrophotometer (Cary-300,
Shimazu). A white standard of BaSO4 was used as a reference. The valence band of the
photocatalyst was obtained by ultraviolet photoelectron spectroscopy (UPS) with Hel
(21.22 eV) as the monochromatic light source and a total instrumental energy resolution
of 100 meV. X-ray photoelectron spectra (XPS) spectra were acquired by using a

Thermo Fisher Nexsa spectrometer. The adventitious carbon C 1s peak (284.5 eV) was
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used to calibrate all binding energy values.
5.2 Experimental Details

Synthesis of 1,3,5-tris{4-(trimethylsilyl)ethynyl]phenyl}benzene:

To the tris(4-bromophenyl)benzene in a round bottom flask, Cul, Pd(PhCN)2Cl2, and
[(t-Bu)sPH]BF4 were added. The mixture was treated with a vacuum-nitrogen cycle
three times. Then, dioxane was added to the mixture and stirred to dissolve the mixture,
giving a brick-red suspension. To this suspension, diisopropylamine (DIPA) was
injected. Then, trimethylsilylacetylene was dropwise injected to this solution and the
mixture was stirred for one night, giving a black solution. After the reaction ended, the
solution was filtered with diatomite. The obtained solution was purified through flash
column chromatography. After evaporating the solvents and dried by a reduced pressure,
1,3,5-tris {4-(trimethylsilyl)ethynyl|phenyl } benzene was obtained as yellow crystals in
73% yield. 'H NMR (400 MHz, Chloroform-d): 8 ppm 7.74 (s, 3H), 7.62 (dd, J = 8.0
Hz, 6H), 7.56 (dd, 6H), 0.26 (s, 27H). '3C NMR (100 MHz, Chloroform-d): § ppm
141.6,140.7,132.5,127.0, 125.1, 122.5, 104.8, 95.2, 0.2. MALDI-TOF: m/z calculated

594.2594, found 579.232 [M—CHs]".
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Figure 1 'H-NMR spectrum of 1,3,5-tris {4-(trimethylsilyl)ethynyl]phenyl} benzene.
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Figure 2 *C-NMR spectrum of 1,3,5-tris {4-(trimethylsilyl)ethynyl]phenyl} benzene.
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Synthesis of 1,3,5-triethynyltriphenylbenzene:

To the 1,3,5-tris{4-(trimethylsilyl)ethynyl]phenyl}benzene in a round bottom flask,
DCM and methanol were added. Then, K2CO3; was added to the solution and the
mixture was stirred at RT for 16 h. After the reaction ended, the solution was filtered,
and the obtained product was purified through flash column chromatography. After
evaporating the solvent and dried by a reduced pressure, 1,3,5-
triethynyltriphenylbenzene was obtained as white crystals in 90% yield. '"H NMR (400
MHz, Chloroform-d) & ppm 7.76 (s, 3H), 7.65 (dd, J = 8.4 Hz, J = 8.3 Hz, 6H), 7.61
(dd, J = 8.4 Hz 6H), 3.16 (s, 1H). *C NMR (100 MHz, Chloroform-d): § ppm 141.9,
141.3, 132.9, 127.4, 125.5, 121.7, 83.6, 78.3. MALDI-TOF: m/z calculated 378.1247,

found 376.299 [M—2H]".
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Figure 3 '"H-NMR spectrum of 1,3,5-triethynyltriphenylbenzene.
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Synthesis of 2,4,6-tris[4-[2-(trimethylsilyl)ethynyl]phenyl]-1,3,5-triazine:

To the 2,4,6-tris(4-bromophenyl)-1,3,5-triazine in a round bottom flask, Cul, Pd
(PhCN)2Cl2, and [(t-Bu);PH]BF4 were added. The mixture was treated by vacuum-
nitrogen cycle three times. Then, dioxane was added to the mixture and stirred to
dissolve the mixture, giving a brick-red suspension. DIPA was injected to this
suspension and then trimethylsilylacetylene was dropwise injected to this solution. The
mixture was stirred for 48 h at 85°C, giving a black solution. After the reaction ended,
the solution was filtered with diatomite. The obtained product was purified through
flash column chromatography. After evaporating the solvent and dried by a reduced
pressure, 2,4,6-tris[4-[2-(trimethylsilyl)ethynyl]phenyl]-1,3,5-triazine was obtained as
a yellow crystalline solid. '"H NMR (400 MHz, Chloroform-d):  ppm 8.70 (d, J = 8.4

Hz, 6H), 7.65 (d, J=8.4 Hz, 6H), 0.30 (s, 27H). MALDI-TOF: m/z calculated 598.2525,
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found 599.325 [M+H]".
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Figure 5 'H-NMR spectrum of 2,4,6-tris[4-[2-(trimethylsilyl)ethynyl]phenyl]-1,3,5-

triazine.
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Figure 6 '*C-NMR spectrum of 2.4,6-tris[4-[2-(trimethylsilyl)ethynyl]phenyl]-1,3,5-

triazine.
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Synthesis of 2,4,6-tris(4-ethynylphenyl)-1,3,5-triazine:

To the 2,4,6-tris[4-[2-(trimethylsilyl)ethynyl]phenyl]-1,3,5-triazine in a round bottom

flask, DCM and methanol were added. Then, K2CO3 was added to the solution and the

mixture was stirred at RT for 16 h. After the reaction ended, the solution was filtered,

and the obtained product was purified through flash column chromatography. After

evaporating the solvent and dried by a reduced pressure, 2,4,6-tris(4-ethynylphenyl)-

1,3,5-triazine was obtained as brown crystals in 85% yield. 'H NMR (400 MHz,

Chloroform-d): 6 ppm 8.73 (d, J = 8.4 Hz, 6H), 7.70 (d, J = 8.4 Hz, 6H), 3.28 (s, 3H).

3C NMR (100 MHz, Chloroform-d): § ppm 171.1, 136.1, 132.4, 128.8, 126.4, 83.3,

80.0. MALDI-TOF: m/z calculated 381.1339, found 382.1850 [M+H]".
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Figure 7 "H-NMR spectrum of 2,4,6-tris(4-ethynylphenyl)-1,3,5-triazine.
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Synthesis of 2,4,6-tris[2-(trimethylsilyl)ethynyl]aniline:

2,4,6-Tribromoaniline (1.32 g, 4 mmol) was mixed with Cul (84.2 g, 0.12 mmol) and
PdCl2(PPhs)2 (22.9 g, 0.12 mmol) in a round bottom flask. The mixture was vacuum-
degassed and purged with pure nitrogen three times. Then, 20 mL of EtsN was added
to the mixture, and it was stirred upon complete dissolution, giving a brick-red
suspension. Then, 12 mmol (1.18 g,) of trimethylsilylacetylene were dropwise injected
into this solution and stirred at 85 °C for 48 h, giving a black solution. After the reaction
ended, the solution was filtered with diatom powder to remove the catalyst of
PdCI2(PPh3)2. The obtained solution was purified through a flash column

chromatography (hexane/CH2Cl2 = 15:1). After evaporating the solvent and drying by

reduced pressure, 2,4,6-tris[2-(trimethylsilyl)ethynyl]aniline (1.25 g, yield 50%) was
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obtained as a yellow oil. "H NMR (400 MHz, Chloroform-d): & ppm 7.38 (s, 2H), 4.97

(s, 2H), 0.25 (s, 18H), 0.20 (s, 9H). 3C NMR (400 MHz, Chloroform-d): & ppm 149.61,

136.18, 111.53, 107.31, 104.29, 100.74, 100.19, 91.87, 29.73. MALDI-TOF: m/z

calculated 381.1759, found 381.2280 [M]".
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Figure 9 "H-NMR spectrum of 2,4,6-tris[2-(trimethylsilyl)ethynyl]aniline.
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Synthesis of 2,4,6-tiethynylaniline:
2,4,6-Tris[2-(trimethylsilyl)ethynyl]aniline (0.76 g, 2 mmol) was added and dissolved
in DCM (20 mL) and methanol (10 mL) in a round bottom flask. Then, 5.79 mmol (0.8
g) of K2CO3 was added to the solution and stirred at RT for 6 h. After the reaction ended,
the product was filtered and purified through a flash column chromatography
(hexane/CH2Cl2 = 3:1). After evaporating the solvents and drying at a reduced pressure,
2,4,6-triethynylaniline (0.33 g, yield 90%) was obtained as white crystals. 'H NMR
(400 MHz, Chloroform-d): & ppm 7.46 (s, 2H), 5.03 (s, 2H), 3.40 (s, 2H), 2.93 (s, 1H).

13C NMR (400 MHz, Chloroform-d): § ppm 150.28, 136.92, 110.45, 106.31, 83.41,

82.48, 78.95, 75.46. MALDI-TOF: m/z calculated 165.1078, found 495.274 [3M]".
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Synthesis of 1,3,5-(trimethylsilyl)ethynyl-2,4,6-trifluorobenzene:

DIPA, 1,3,5-trifluoro-2,4,6-triitodobenzene, [PdCI2(PPhs)2], and Cul were added to a
dry three-necked flask. A solution of ethynyltrimethylsilane in DIPA was added
dropwise, followed by PPhs. At the end of the addition, the mixture was heated to 80 °C.
After 1 h, THF was added, and the mixture was stirred for 35 h under nitrogen
protection. The mixture was filtered through Celite, diluted with water, and extracted
with chloroform. The extract was washed with brine and dried with anhydrous Na>SOa.
After the evaporation of the solvents, the residue was purified by Biotageflash silica gel
chromatography (eluted with hexane) to give 1,3,5-(trimethylsilyl)ethynyl-2,4,6-
trifluorobenzene as a white powder in 80% yield. 'H NMR (400 MHz, Chloroform-d):
8 ppm 0.26 (s, 27H). '3*C NMR (400 MHz, Chloroform-d): & ppm 164.66, 162.05,
107.15,99.95, 88.96. 1F NMR (400 MHz, Chloroform-d): -105.55 ppm. MALDI-TOF:

m/z calculated 420.1373, found 333.192 [M-TMS-Me]".
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Figure 12 'H-NMR spectrum of 1,3,5-(trimethylsilyl)ethynyl-2,4,6-trifluorobenzene.
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Figure 13 *C-NMR spectrum of 1,3,5-(trimethylsilyl)ethynyl-2,4,6-trifluorobenzene.
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Synthesis of 1,3,5-triethynyl-2,4,6-trifluoro-benzene:

To the 1,3,5-(trimethylsilyl)ethynyl-2,4,6-trifluorobenzene in a round bottom flask,
DCM and methanol were added. Then to the solution, K2CO3s was added and the
mixture was stirred at RT for 16 h. After the reaction ended, the solution was filtered,
and the obtained product was purified through flash column chromatography. After
evaporating the solvent and dried by a reduced pressure, 1,3,5-triethynyl-2.4,6-
trifluoro-benzene was obtained as a white powder in 95% yield. "H NMR (400 MHz,
Chloroform-d): § ppm, 3.49 (s, 3H). *C NMR (100 MHz, Chloroform-d): & ppm 166.1,

163.4, 102.1, 87.6, 77.36, 71.38. ’F NMR (400 MHz, Chloroform-d): -99.61 ppm.

MALDI-TOF: m/z calculated 241.9740, found 242.303 [M+H]".
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Synthesis of trans-Pt(PBu3).Cl»:

To the K2PtCls in a round bottom flask, DI water was added. Then, the mixture was
stirred to completely dissolve K2PtCla4, giving an orange-red solution. This solution was
dropwise injected with PBus, and it was stirred for 3 h, giving a white precipitate. After
the reaction ended, the product was extracted with DCM. The organic layer was
collected, and the solvent was evaporated, giving a pale-yellow oil. The oil was heated
at 190 °C for 1 h. The obtained mixture was purified through flash column
chromatography. After evaporating the solvent and drying by reduced pressure, trans-
Pt(PBu3)2Cl> was obtained as a yellow powder. 'H NMR (400 MHz, Chloroform-d): §

ppm 1.98-1.76 (m, 12H), 1.61-1.40 (m, 24H), 0.95 (t, J= 7.2 Hz, 18H). >*P NMR (400

MHz, Chloroform-d): & ppm 4.44 (s, 2P).
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Figure 18 'H-NMR spectrum of trans-Pt(PBus)2Cla.
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Figure 19 *P-NMR spectrum of trans-Pt(PBu3)2Cla.
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Synthesis of trans-Ni(PBu3),Cl,:

To the NiCl2#6H20 in a round bottom flask, HPLC-grade EtOH was added. The mixture
was stirred to completely dissolve NiCl2e6H20, giving a green solution. Then, N2 was
bubbled into the mixed solution for 15 min. PBus was mixed with HPLC-grade THF
first, and then the mixed solution was added dropwise to the reaction system, giving a
red suspension. Finally, the reaction was carried out at 80 °C for 1 h. After the reaction
ended, the temperature of the reaction system was first lowered to RT. Then the reaction
flask was placed in ice with NH4Cl for 1 hour to allow the reactants to fully precipitate.
Finally, the product of trans-Ni(PBu3).Cl2 was obtained as a red powder after suction
filtration. '"H NMR (400 MHz, Chloroform-d): & ppm 1.98-1.76 (m, 12H), 1.61-1.40
(m, 24H), 0.95 (t, J = 7.2 Hz, 18H). *'P NMR (400 MHz, Chloroform-d): & ppm O (s,
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Figure 20 '"H-NMR spectrum of #rans-Ni(PBu3)2Cla.
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Figure 21 *'P-NMR spectrum of trans-Ni(PBus)2Cla.

Synthesis of TEPB-Hg-GY:

TEPB-Hg-GY was synthesized via the bottom-up method in the solvent of DCM and
MA at RT under a nitrogen atmosphere. To the reactant of HgCl2 in a round bottom
flask, 1,3,5-triethynyltriphenylbenzene was added. The mixture was treated by vacuum-
nitrogen cycle three times. Then, the mixture was added DCM and MeOH, and then
stirred to dissolve the compounds. To this suspension, EtsN was injected and the
reaction the mixture was stirred for 72 h at RT, giving a yellow powder. After the
reaction ended, the obtained product was washed by the Soxhlet extractor method with
the solvents of DCM, MeOH and THF to remove the unreacted reactants and oligomers.
After dring under a reduced pressure, TEPB-Hg-GY bulk was obtained as a white

powder.
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Synthesis of TEPT-Hg-GY:

To the reactant of HgClz in a round bottom flask, 2,4,6-tris(4-ethynylphenyl)-1,3,5-
triazine was added. Then, DCM and MeOH were added to dissolve the reactants with
stirring. To this suspension, EtsN was injected and the reaction was stirred for 72 h at
RT, giving a yellow powder. After the reaction ended, the obtained product was washed
by the Soxhlet extractor method with the solvents of DCM, MeOH and THF to remove
the unreacted reactants and oligomers. After dring under a reduced pressure, TEPT-
Hg-GY bulk was obtained as a light-yellow powder.

Synthesis of NH>-Hg-GY:

To the reactant of HgCl2 in a round bottom flask, 2,4,6-triethynylbenzenamine was
added. The mixture was treated by vacuum-nitrogen cycle three times. Then, DCM and
MeOH were added to dissolve the reactants with stirring. To this suspension, EtsN was
injected to the mixture and the reaction was stirred for 72 h at RT, giving a yellow
powder. After the reaction ended, the liquid was washed with DCM and filtered. Then,
the obtained product was washed by the Soxhlet extractor method with the solvents of
DCM, MeOH and THF to remove the unreacted reactants and oligomers. After dring
under reduced pressure, NH,-Hg-GY bulk was obtained as a yellow powder.
Synthesis of F-Hg-GY:

To the reactant of HgCl> in a round bottom flask, 1,3,5-triethynyl-2,4,6-trifluoro-
benzene was added. The mixture was treated by vacuum-nitrogen cycle three times.

Then, DCM and MeOH were added to dissolve the reactants with stirring. To this
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suspension was injected Et3N and the reaction was stirred for 72 h at RT, giving a yellow
powder. After the reaction ended, the liquid was washed with DCM and filtered. Then,
the obtained product was washed by the Soxhlet extractor method with the solvents of
DCM, MeOH and THF to remove the unreacted reactants and oligomers. After dried
by a reduced pressure, F-Hg-GY bulk was obtained as a white powder.

Synthesis of TEPB-Pt-GY:

TEPB-Pt-GY was synthesized from the ligand of 1,3,5-triethynyltriphenylbenzene via
the base-catalyzed dehydrohalogenation reaction. To the reactant of trans-Pt(PBus)2Clz
and Cul in a round bottom flask, 1,3,5-triethynyltriphenylbenzene was added. The
mixture was treated by vacuum-nitrogen cycle three times. Then, THF was added to the
mixture which was stirred to dissolve the reactants. EtsN was injected, and the reaction
was stirred for 72 h at 40 °C, giving a yellow powder. After the reaction ended, the
powder was washed with DCM three times and filtered. Then the bulk was washed with
ACN and THF in a Soxhlet extractor for 24 h, respectively to remove the remaining
Cul, Pt-complex, the unreacted ligands, and oligomers totally. After drying under a
reduced pressure, TEPB-Pt-GY with yield of 90% was obtained.

Synthesis of TEPT-Pt-GY:

TEPT-Pt-GY was synthesized from the ligand of 2,4,6-tris(4-ethynylphenyl)-1,3,5-
triazine via the base-catalyzed dehydrohalogenation reaction. To the reactant of trans-
Pt(PBu3)2Cl2 and Cul in a round bottom flask, 2,4,6-tris(4-ethynylphenyl)-1,3,5-

triazine was added. The mixture was treated by vacuum-nitrogen cycle three times.
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Then, THF was added to the mixture which was stirred to dissolve the reactants. EtsN
was injected, and the reaction was stirred for 72 h at RT, giving a yellow powder. After
the reaction ended, the powder was washed with DCM three times and filtered. Then
the bulk was washed with ACN and THF in a Soxhlet extractor for 24 h, respectively
to remove the remaining Cul, Pt-complex, the unreacted ligands, and oligomers totally.
After drying under a reduced pressure, TEPT-Pt-GY with yield of 95% was obtained.
Synthesis of F-Pt-GY:

F-Pt-GY was synthesized from the ligands of 1,3,5-triethynyl-2,4,6-trifluoro-benzene
via the base-catalyzed dehydrohalogenation reaction. To the reactant of tramns-
Pt(PBu3)2Cl2 and Cul in a round bottom flask, 1,3,5-triethynyl-2,4,6-trifluoro-benzene
was added. The mixture was treated by vacuum-nitrogen cycle three times. Then, THF
was added to the mixture which was stirred to dissolve the reactants. EtsN was injected,
and the reaction was stirred for 72 h at 40 °C, giving a white powder. After the reaction
ended, the powder was washed with DCM three times and filtered. Then the bulk was
washed with ACN and THF in a Soxhlet extractor for 24 h, respectively to remove the
remaining Cul, Pt-complex, the unreacted ligands, and oligomers totally. After drying
under reduced pressure, F-Pt-GY with yield of 80% was obtained.

Synthesis of TEPB-Ni-GY:

TEPB-Ni-GY was synthesized from the ligand of 1,3,5-triethynyltriphenylbenzene via
the base-catalyzed dehydrohalogenation reaction. To the reactant of trans-Ni(PBus)2Cl2

and Cul in a round bottom flask, 1,3,5-triethynyltriphenylbenzene was added. The
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mixture was treated by vacuum-nitrogen cycle three times. Then, THF was added to the
mixture which was stirred to dissolve the reactants. EtsN was injected, and the reaction
was stirred for 72 h at 40°C, giving a yellow powder. After the reaction ended, the
powder was washed with DCM three times and filtered. Then the bulk was washed with
ACN and THF in a Soxhlet extractor for 24 h, respectively to remove the remaining
Cul, Ni-complex, the unreacted ligands, and oligomers totally. After drying under a
reduced pressure, TEPB-Ni-GY with yield of 85% was obtained.

Synthesis of TEPT-Ni-GY:

TEPT-Ni-GY was synthesized from the ligand of 2,4,6-tris(4-ethynylphenyl)-1,3,5-
triazine via the base-catalyzed dehydrohalogenation reaction. To the reactant of trans-
Ni(PBu3)2Cl2 and Cul in a round bottom flask, 2,4,6-tris(4-ethynylphenyl)-1,3,5-
triazine was added. The mixture was treated by vacuum-nitrogen cycle three times.
Then, THF was added to the mixture which was stirred to dissolve the reactants. EtsN
was injected, and the reaction was stirred for 72 h at room temperature, giving a brown
powder. After the reaction ended, the powder was washed with DCM three times and
filtered. Then the bulk was washed with ACN and THF in a Soxhlet extractor for 24 h,
respectively to remove the remaining Cul, Pt-complex, the unreacted ligands, and
oligomers totally. After drying under a reduced pressure, TEPT-Ni-GY with yield of
90% was obtained.

Synthesis of NH>-Ni-GY:

NH:-Ni-GY was synthesized from the ligand of 2,4,6-triethynylbenzenamine via the
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base-catalyzed dehydrohalogenation reaction. To the reactant of trans-Ni(PBus)2Cl2
and Cul in a round bottom flask, 2,4,6-triethynylbenzenamine was added. The mixture
was treated by vacuum-nitrogen cycle three times. Then, THF was added to the mixture
which was stirred to dissolve the reactants. EtsN was injected, and the reaction was
stirred for 72 h at 40°C, giving a reddish-brown powder. After the reaction ended, the
powder was washed with DCM three times and filtered. Then the bulk was washed with
ACN and THF in a Soxhlet extractor for 24 h, respectively to remove the remaining
Cul, Pt-complex, the unreacted ligands, and oligomers totally. After drying under a
reduced pressure, NH2-Ni-GY with yield of 50% was obtained.

Synthesis of F-Ni-GY:

F-Ni-GY was synthesized from the ligand ofl,3,5-triethynyl-2,4,6-trifluoro-benzene
via the base-catalyzed dehydrohalogenation reaction. To the reactant of trans-
Ni(PBu3)2Cl2 and Cul in a round bottom flask, 1,3,5-triethynyl-2,4,6-trifluoro-benzene
was added. The mixture was treated by vacuum-nitrogen cycle three times. Then, THF
was added to the mixture which was stirred to dissolve the reactants. EtsN was injected,
and the reaction was stirred for 72 h at 40°C, giving a yellow powder. After the reaction
ended, the powder was washed with DCM three times and filtered. Then the bulk was
washed with ACN and THF in a Soxhlet extractor for 24 h, respectively to remove the
remaining Cul, Pt-complex, the unreacted ligands, and oligomers totally. After drying
under a reduced pressure, F-Ni-GY with yield of 80% was obtained.

Transient-photocurrent-response (TPR) and electrochemical impedance
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spectroscopy (EIS) measurements:

All electrochemical measurements were conducted on a CHI 760E workstation (CH
Instruments, Shanghai, China) using the standard three-electrode system, in which
sample-modified glass carbon electrode, saturated calomel electrode, and carbon
electrode were used as working electrode, reference electrode, and counter electrode
respectively. The photo-response performance was obtained at open circuit potential
(OCP) in 0.1 M sodium sulfate (Na2SO4), where a 300 W Xe-lamp with a 420 nm filter
was the light source. Electrochemical impedance spectra (EIS) measurements were
carried out in ultrapure water at open circuit potential with a 10°-10° Hz frequency
range.

Mott-Schottky (M-S) plots measurement:

The sample was deposited on the ITO glass substrate by drop-casting. The slurry was
prepared by mixing catalyst (1 mg), isopropyl alcohol (0.75 mL), H2O (0.2 mL), and
Nafion solution (50 pL) under ultrasonication. The impedance-potential values for M—
S plots were measured in Na-saturated 0.1 M Na2SO4 with Ag/AgCl as the reference
electrode and Pt as the counter electrode. The data was collected in the voltage range
of —0.8 V to +1.8 V at the frequency of 3, 4, and 5 kHz, respectively.

Determination of apparent quantum yield (AQY):

The apparent quantum efficiency can be evaluated from equation (1):

_ 2Xng,0,XNg

AQY - (1)

Ny,o, is the number of evolved H202 molecules, N, is Avogadro number (6.02x10%)
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and N represents the number of incident photons, which can be calculated from

equation (2):

__ lightintensity (W cm~2) x illumination area (cm?)
N = e 2)

A

where 7 is the Planck constant (6.626 x 10734 J-s =4.136x107° eV s), c is the speed of
light (3.0x108m-s ™), and 4 is the wavelength of light (365, 420, 500, 590 and 660 nm,
respectively).

Electron paramagnetic resonance (EPR) measurements:

Spin trapping-EPR tests were recorded using a Bruker EMX plus model spectrometer
operating at the X-band frequency (9.4 GHz). 5,5-Dimethyl-1-pyrroline N-oxide
(DMPO) was used as a spin-trapping reagent to detect the radicals of *OH or *O2". The
measurements were conducted as follows: 5 mg of powder was dispersed in 5 ml of DI
H20 or MeOH (DI H20 for *OH radicals, MeOH for *O:" radicals) by ultrasonication
for 5 min. A 200 pL of 100 mM DMPO solution was added to 200 pL of the mixture
and then thoroughly shaken. After that, the samples were packed into capillaries and
put into the sample tubes for testing under dark or light conditions with a time interval
of 2, 4, and 6 min, respectively. A Xe lamp (A > 420 nm) was used as the light source.
In-situ DRIFTS measurements:

In-situ DRIFTS measurements were performed to confirm active sites using a Nicolet
IS50 Fourier transform spectrometer equipped with an integrating sphere. Each
spectrum was recorded by averaging 128 scans with 8 cm™! spectral resolution. The

samples were held in a photocatalytic diffuse reflectance in-situ cell which was
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specifically designed for examining highly scattering powder samples. For the ORR
pathway, NH2-Hg-GY was illuminated with white light for 30 min after passing Oz into
the reaction cell with deuterated water vapor for 30 min, and IR spectra were collected
at 0, 10, 20, and 30 min, respectively during this period. Similarly, for the WOR
pathway, the catalyst was illuminated with white light for 30 min after passing argon
into the reaction cell with deionized water vapor for 30 min, and IR spectra were
collected at 0, 10, 20, and 30 min, respectively during this period.

Femtosecond transient absorption spectroscopy measurement:

Full-spectral-range transient absorption spectroscopy was performed using a custom-
built pump-probe setup with a Ti:Sapphire regenerative amplifier (Coherent Legend
Elite) seeded by a mode-locked Ti:Sapphire oscillator (Coherent Mira 900) as the light
source. The 800-nm, 1 kHz output from the amplifier was divided into two beams: the
first, more intense beam, was directed into an optical parametric amplifier (Coherent
Opera Solo), generating a tunable photon energy pump beam; the remaining laser power
was used for a supercontinuum probe generation. The probe beam traversed a
mechanical translation stage, enabling a time delay of up to 2 ns between pump and
probe pulses, and then was focused on a crystal plate. A calcium fluoride (CaF2) plate
was used for UV—Vis range supercontinuum (350—700 nm) generation, with the
residual fundamental laser line filtered by a 700- nm short-pass filter (Edmund Optics,
#69-206). A Vis-NIR supercontinuum (500—1300 nm) was generated by a yttrium

aluminium garnet (YAG) plate, with the fundamental laser line filtered by an 800-nm
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notch filter (Edmund Optics, #86—127) featuring a 40-nm bandwidth.

Shot-by-shot probe beam transmission in the range of 350—1000 nm was recorded
by an Acton Spectrapro 275 spectrometer equipped with a 150 In mm ™' grating and a
silicon line CCD (Hamamatsu S8380); a 100 In mm ™' grating and an InGaAs line CCD
(Hamamatsu G11620) were used for measurements in the range of 900—1300 nm. The
sufficient spectral overlap between CaF2- and YAG-generated supercontinuum allowed
for the stitching of TA spectra in the range of 550—650 nm. The probe beam was focused
on a sample at a normal incident angle using a 150 mm lens; The spot size, measured
by an optics-free CCD, was 150 pm. The pump beam hit the sample at a 10° incident
angle (from the normal); To ensure sufficient spatial overlap with the probe beam, its
diameter was limited to 1.5 mm via a pinhole. The differential transmission spectrum
of the probe pulse (AT/T) was calculated as ((Tpump oN — Tpump OFF)/Tpump oFF). The
instrumental response function is 120 fs. Measurements were conducted with the water
dispersions of photocatalysts at an excitation flux of 35 uJ cm 2, being a compromise
between excitation flux and signal-to-noise ratio. Within the measured excitation
wavelength range (320—550 nm), the excited carrier density was approximately 10'°
cm >, supporting the assumption of a negligible contribution from multi-excitonic
recombination in the collected data.
Photocatalytic HO: production performance:

The photocatalytic activity of the photocatalysts was assessed by a multichannel

photochemical reaction system (PCX-50B, Beijing perfect-light Co., Ltd, China)
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equipped with a visible light source (A > 420 nm). In a typical reaction, 10 mg
photocatalyst was dispersed in 15 mL ultrapure water to form a homogeneous
suspension. After that, the suspension was irradiated for 4 h under continuous stirring
(150 r.p.m.). The time dependence curves of H202 production were tested under light
for 2, 4, 6, 8, 10, 12, and 24 h, respectively. The resulting H> was detected by a Gas
chromatograph (GC-4000A). The concentration of the produced H202 was determined
by a commercial Hydrogen Peroxide Assay Kit (Titanium sulfate microplate method,
Shanghai Yuanye Bio-Technology Co., Ltd).

Fabrication of Pt/PMMA+Pt-GYs/ITO memory device:

First, the sample was dispersed in chlorobenzene, sonicated for 48 h, and mixed evenly
with PMMA. The mixture was then spin-coated on the ITO bottom electrode to form a
film. Finally, the Pt top electrode was prepared by sputtering.

Photocatalytic CO:RR:

The photocatalytic activity of the Ni-GY's was conducted with a visible light source (A
> 420 nm). In a typical reaction, 1 mg photocatalyst was dispersed in 5 mL ACN and 1
mL ultrapure water with photosensitizer (PS) of ruthenium terpyridine and electron
donor of TEOA to form a homogeneous suspension. After that, the suspension was
sonicated for 4 h. The time dependence curves of CO production rate were tested under
light for 1, 2, 3, 4, and 5 h, respectively. The resulting CO and H> were detected by a
Gas chromatograph (GC-4000A).

DFT calculations:
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The first-principles calculations were conducted by DFT using the Vienna ab initio
simulation package (VASP)!?. The wave functions are constructed as projected
augmented wave (PAW) pseudopotentials®, while the exchange-correlation energies
were evaluated by the Perdew-Burke-Ernzerhof (PBE) with generalized gradient
approximation (GGA)*. The cut-off energy was set to 400 eV, and a self-consistent field
(SCF) convergence criterion was set as 10™* eV, which was more than enough for the
convergence of the calculations. The DOS calculations were performed by setting
ICHARG tag and Monkhorst-Pack K-meshes of 1 x 1 x 1, the analysis of the DOS plots
is conducted with the help of vaspkit software®, where the partial DOS (or projected
DOS) plots are computed by projecting each wave function on a specific angular
momentum around a specific atom or element.

The slab models with 1 x 1 x 1 supercell were created for the three materials, while
a vacuum gap of 15 A was set in the slab model to prevent its interaction with the
periodic conditions. The atoms from 2D materials were set to be free to move in all
directions. A K-meshing of 1 x 1 x 1 with the type of centered gamma was used in the
calculation of the free energy diagrams of the ORR and WOR steps. The adsorption
energy was calculated as the the following equation:

Eqas = Esiap+absorbate — Esiab — Eabsorbate (1)

where Hsiab and Eabsorbate Tepresent the total energy (enthalpy) of the constructed slab
model and absorbate before being absorbed, while the Esiab+absorbate 1S the total energy

of the slab model with adsorbate on the surface. Based on this definition, the more
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negative value of Euas represents a higher thermodynamic stability of the system.
However, the difference of Gibbs free energy would demonstrate the tendency of a
reaction more evidentially, which could be acquired by the following equation:
AG =E 35 — AZPE —T o AS (2)

where 4G is the difference of Gibbs free energy, 4ZPF is the difference of zero-point
energy, which can be obtained from the vibration frequency calculations, 7 is the
temperature with the unit of the Kelvin unit, and 45S is the entropy change. The more
negative value of 4G indicates a higher possibility for the reaction to happen.

The geometric structure for the unit of these built models were optimized by DFT at the
PBEO0/def2SVP level. The electronic density differences between the excited state and
the ground state of the unit were calculated using the TD-DFT method under the same

level.
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