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Abstract

In the past decade, Zeolitic imidazolate frameworks (ZIFs) as precursors towards
functional materials have attracted enormous attention. The easy modification of the ZIF
structure itself, as well as the easy incorporation of various materials by different manners
to form ZIF-based composites, have resulted in a great kingdom of functionalised ZIFs.
Moreover, functional ZIFs derived nanocomposites of desired compositions and
sophisticated structures can be obtained under suitable pyrolysis conditions and show
great potential in various catalytic applications. Built on a pertinent literature review with
special emphasis on the application in electrocatalytic water splitting, this thesis focuses
on the rational design, synthesis, characterisation and electrochemical evaluation of ZIF-
based composites and their nanocomposite derivatives.

First, a facile and cost-effective one-pot in situ encapsulation method was applied
for the synthesis of phosphotungstic acid (PTA) encapsulated ZIF-67, and the bimetallic
WS2/Co1xS/N, S co-doped porous carbon nanocomposites were derived from one-step
sulphurization/carbonisation of the PTA@ZIF-67 composites. Significant improvement
in electrocatalytic activity towards both oxygen evolution reaction (OER) and hydrogen
evolution reaction (HER) was observed.

Then, a different post-synthetic strategy to introduce PTA into ZIF-67 is utilised.
Moreover, phosphomolybdic acid (PMA), which is unable to be introduced into ZIF-67
with the previous in situ encapsulation method, has been successfully encapsulated into
modified ZIF-67 with this new synthesis approach. The HER and OER active, defect-rich
ultra-fine Co-Mo-S/N, S-doped porous carbon nanocomposites and WS2/Co1xS/N, S co-
doped porous carbon nanocomposites were derived from the modified ZIFs. This new
synthesis strategy to modify acid-sensitive ZIFs with selected compounds offers an
alternative approach to develop novel transition metal sulphide/carbon composites for
various applications.

Finally, the in situ encapsulation method is extended to a metal organic framework
(MOF)-based composites (PMA@MIL-100), which demonstrates the universal
applicability of the method. Bimetallic Fe-Mo sulphide/S-doped carbon nanocomposite
was derived from the PMA@MIL-100 composite through chemical vapour
sulphurization at high temperatures and showed a dramatic improvement in the HER

performance.
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Chapter 1 Introduction

1.1 Introduction and motivation

As the global population increases, the energy demand has boosted explosively, and
energy sustainability is in dire need. Much effort has been invested in the high energy
density, zero-pollution, non-toxicity and renewable energy source, hydrogen (Hz), to
tackle this problem. Electrochemical water splitting driven by renewable electricity is the
cleanest and most sustainable way to generate Hz.! However, one of the bottlenecks
toward large-scale practical application of this method is its production efficiency.> As a
result, efficient electrocatalysts for water splitting (i.e. cathodic hydrogen evolution
reaction (HER) and anodic oxygen evolution reaction (OER)) are highly demanded.
Moreover, current benchmark catalysts for HER in both acidic and alkaline environments,
and OER in acidic environments, contain precious metals such as Pt, Ir and Ru, which are
expensive and undesirable for commercial use. Efforts have been invested in the
searching of efficient non-precious metal catalysts as substitutions." > 4 For instance,
transitional metal-based catalysts show better catalytic activity for OER in alkaline
environments (i.e. in traditional alkaline water electrolysers); yet, many recent studies
still use Ir and Ru base oxide as benchmark materials in alkaline electrolytes.

Recently, zeolitic imidazolate frameworks (ZIFs), a special subclass of metal-
organic frameworks (MOFs) which assembled from tetrahedral-coordinated transition
metal ions and imidazolate organic linkers, have attract great interest as the precursor and
self-sacrificial template to develop heterogeneous electrocatalysts for HER and OER. *+°
This is owing to the intrinsic porosity characteristics, chemical and thermal stability, and
high freedom in choosing the organic/inorganic assembly parts. Their unrivalled design
possibilities can lead to inorganic functional materials such as carbons, metal-based
compounds with high surface area, hierarchical pores, complex nanostructure and
designable functionalities. Therefore, to designing and producing novel nanostructured
materials from ZIFs and evaluating their performance as electrocatalysts are the primary

aims of this PhD project.

1.2 Challenges

Despite the advantages of ZIFs as precursors for electrocatalysts, challenges remain:
metal ions and organic linkers need to have a suitable coordination configuration in order

to achieve a feasible and stable ZIFs structure, which means the tailorability on the
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chemical constitution via backbone modification has been limited, and the intended
design on the electrocatalysts may be unable to realise. Nonetheless, thanks to the robust
structures, wide synthesis windows and cage-like porous structures, incorporating
selected chemical components into ZIFs to form a composite can overcome the drawback
of the backbone modification and lead to desired derivatives. However, the acid
instability of ZIFs and the affinity between composite constituents need to be considered
for the design of the precursor composites. Moreover, the dispersion of the guest species
within the ZIFs-based composites is vital for the structure of the derivatives and can affect
the electrocatalytic performance of the derivatives, but the rational control remains

challenging.

1.3 Aims and objectives

Therefore, the aims and objectives of this thesis are as follows:

e To explore simple and effective ways to synthesise ZIFs-based composites with
conventionally unachievable compositions and achieve a homogeneous
dispersion of the compositions.

e To investigate facile way to derive carbon-based porous composites from the
ZIFs-based composites with desired composition and controllable morphology.

e To evaluate the electrochemistry performance of the obtained ZIF-derived
carbon-based heterogeneous nanocomposites.

e To insight into the relationship between synthesis, structures and electrocatalytic

performance of ZIF-derived nanocomposites.

1.4 Organization of the thesis

This thesis is presented with 7 chapters. In Chapter 1, the motivation, challenge, objective
and structure of this thesis are introduced. Chapter 2 presents and discusses the broad
research background, the literature review on the development and recent progress in
modification strategies of precursor ZIFs and ZIF-derivatives, as well as the recent
electrochemistry applications of the ZIF-derivatives. In Chapter 3, the materials and
synthesis method for ZIFs and ZIF-derivatives is provided. The characterisation
techniques used in this thesis are also presented. Followed that, in Chapter 4 we present
a facile and cost-effective one-pot in situ method for the synthesis of phosphotungstic
acid (PTA) encapsulated ZIF-67, and the bimetallic WS2/Co1xS/N, S co-doped porous
carbon nanocomposites derived from one-step sulphurization/carbonisation of the

modified ZIF-67. The HER and OER performance of the derivatives have been
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investigated. Chapter 5 presents the post-synthetic modification of ZIF-67 with
phosphotungstic acid (PTA) and phosphomolybdic acid (PMA) with the help of
polydopamine (PDA). The HER and OER activities of the Co-Mo-S/N, S-doped porous
carbon nanocomposites and WS2/Co1xS/N, S co-doped porous carbon nanocomposites
have been evaluated. Chapter 6 extend the in situ encapsulation strategy to a cages-
structured MOF, MIL-100. The HER activities of the derived bimetallic Fe-Mo
sulphide/S-doped carbon nanocomposites in acidic and alkaline media have been
investigated. Conclusions of this thesis are summarised in Chapter 7 with suggestions for

future works briefly provided.
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Chapter 2 Literature review

2.1 Introduction

Metal organic frameworks (MOFs), also known as porous coordination polymers (PCPs),
are crystalline solids comprised of metal nodes and organic ligands to form a periodic
coordination network via coordinate bonds. The nature of the molecular structure allows
MOFs to garner a series of intrinsic properties such as exceptional large surface area ’
and ordered and interconnected porosity ®. Also, the substitutable organic linkers and
metal ions enable easy functionalisation of the MOFs °, as well as the tailorability of the
pore structure and size '°. As a result, the high level of freedom on modification, robust
structure and wide synthesis window has led MOFs to be one of the most studied porous
materials in the past 20 years.

Among MOFs, there is a special subfamily which composed of tetrahedral-
coordinated transition metal ions and imidazolate organic linkers. Although the first
crystalline polymeric structure built from imidazolate (Im) and Zn?>* was synthesised in
1980 with a dense zni topology network '!, the concept of zeolitic imidazolate frameworks
(Z1Fs) and a group of stable structures composed with imidazolate linkers and tetrahedral
metal atoms were established by Yaghi and co-workers in 2006 '2. With similar structure
to aluminosilicate zeolites, the tetrahedral-coordinated transition metal ions in ZIFs play
the role of Si, bringing by the imidazolate anions which mimic the role of O in zeolite
frameworks. The M-Im-M (metal-imidazolate-metal) bond within the structure has bond
angle of 145° which is similar to the Si-O-Si bond in zeolites (see Fig. 2.1), therefore

these kinds of porous materials were so-called zeolitic imidazolate frameworks.

M-IM-M Si-0-Si
1 2
Fig. 2.1 The bridging angles in ZIFs (1) and zeolites (2) %

In the past decade, ZIFs as precursors towards functional materials have attracted
enormous attention. The easy modification of the ZIF structure itself, as well as the easy
incorporation of various materials by different manners to form ZIF-based composites,
have resulted in a great kingdom of functionalised ZIFs and ZIF-based composites. These

highly ordered porous structures constructed with both organic species and metallic
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species could lead to functional ZIF-derivatives with desired compositions and
sophisticated structures under suitable pyrolysis conditions, which show great potential
in various catalytic applications '°.

The limited reserves of non-renewable fossil fuels has led to the global energy
crisis. Renewable hydrogen (H2) has emerged as a promising alternative to tackle this
problem. The most sustainable way to produce H: is via renewable energy-driven
electrochemical water splitting '4, which involve two half-reactions, hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER). The production cost and
production efficiency could be optimised by developing novel non-precious-metal-based
catalysts for these two reactions. In this context, ZIF-derivatives have been intensively
investigated as efficient and cost-effective electrocatalysts for water splitting.

Therefore, this chapter aims to summarise the research developments on the
synthesis of precursor ZIFs and ZIF-derivatives, and to discuss the recent progression on

ZIF-derivatives as electrocatalysts for HER and OER.

2.2 Synthesis of precursor ZIFs

To date, various strategies have been explored to synthesise complex structures by
modifying ZIFs. Roughly speaking, it can be realised by either modifying the backbone
of ZIFs or incorporating ZIFs into a composite. The ultimate goal of modifying ZIFs is
to form designed derivatives, therefore only the manipulation which cause meaningful
changes in the derivatives will be discussed. Different modification approaches for the

preparation of the precursor ZIFs are summarised in Fig. 2.2.

Precursor ZIFs

Backbone ZIF-based
madification composites

Pre-synthetic Pre-synthetic Nonocieters Paricles

metal nodes organiclinker @ZIFs @ZIFs

replacement replacement

Post-synthetic Post-synthetic
Surface coated ZIFs ZIFs on supports
metal exchange ligand modification

Fig. 2.2 Summary of different modification approaches for the preparation of precursor ZIFs.
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2.2.1 Backbone modification

The composition, morphology and porosity of the ZIF-derivatives could be altered by
changing the metal nodes or organic linkers of the parental ZIFs, and the replacement of
these primary building units could be realized either before or after the formation of ZIFs.
It is worth noting that pre-synthetic backbone modification is simply realised by changing
the compatible metal nodes or organic linkers at the very beginning of the synthesis,
therefore it is also called de novo synthesis or one-pot synthesis. The metal ions and
organic linkers need to have certain electronic configuration and steric structure in order
to form a ZIFs. On the other hand, post-synthetic modification takes place on the ready
formed ZIFs structures, hence it is able to achieve complex and conventionally
unachievable ZIFs. This requires an outstanding stability of the parental ZIFs, in order to
withstand the harsh modification conditions without compromising the porosity and
crystallinity.

Herein, we will discuss the backbone modification in four categories: Pre-synthetic
metal nodes replacement, pre-synthetic organic linker replacement, post-synthetic metal

exchange and post-synthetic ligand modification.

2.2.1.1 Pre-synthetic metal node replacement
Unlike the vast selection of metal ions available for building general MOFs,
conventionally the choice of metal nodes for ZIFs have been limited into two: Zn (II) and
Co (I) (except ZIF-5 which involve In (III) and Zn (II) as metal nodes) '* 1>2° this is
probably because M-Im-M bonds composed by other tetrahedral coordinated metal ions
are unable to solely form an extended stable framework as Zn (II) and Co (II) did 332
34 Introducing new metal centres would open up the opportunity towards a wider range
of new ZIF-derived hybrids. The presence of different metals can modulate the electronic
structure of the hybrid and its derivatives, thereby lead to different applications ! 22,
Merging two existing ZIFs of different metal nodes is a typical example of pre-
synthetic metal nodes replacement. In this case both metal nodes have the same electron
configuration and can fit in the ZIF structure with no obstacle. For example, Zn based
ZIF-8 and Co based ZIF-67 are isologue to each other, so with the same lattice structure
interchanging these two metal ions would be more favourable than other metal ions 2*. A
more in-depth research was conducted by Yamauchi et al.. The group not only
systematically characterised the as-synthesised Co-Zn-ZIF but also investigated the effect

of different metal nanoparticles on the graphitisation of carbon in the carbonised hybrid
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24, Recently the primary structure as well as the change in physical properties of the dual
metal ZIF was addressed ?°. Based on the single crystal analysis, the positions of Zn and
Co are completely random, and the percentage of their existence depends on the
concentration of the metal precursor used for the synthesis. Despite the same sodalite
structure formed, the dual metal ZIF actually has different textural properties and better
thermal stabilities. A research also suggested that with different Co to Zn molar ratio, the
rate of nucleation may change, resulting in a controllable particle size 2°. Moreover, Lai
et al. demonstrated that ZIF-derivatives with different compositions and porosities could

be obtained by changing Co/Zn ratio in the bimetallic ZIF (see Fig. 2.3) ?’.
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Fig. 2.3 Schematic synthesis process of Co NPs embedded in N-doped porous carbon of different
porosity from the bimetallic Co/Zn-ZIF-67 of different Co/Zn ratio *".

Besides the merging of two different existing ZIFs, many have tried to synthesise
bimetallic ZIFs with other isovalent metal ions (such as Cu?", Ni** and Fe*"). For
example, in 2012 Yang et al. successfully introduced Cu** into ZIF-67 via one-pot
hydrothermal synthesis but with uncontrolled doping percentage and unclear structural
details of the Cu-doped ZIF-67 phase 2%. Three years later, Cu-doped ZIF-8 with a Cu
doping percentage up to 25% was reported. Experiment suggested that doping level
higher than 50% might lead to the complete structural collapse *. Examined by the
inductively coupled plasma-optical emission spectrometry (ICP-OES), the actual doping
level could only go up to 8.7%. This means only part of Zn metal centres are replaced by
Cu ions and most Cu ions remain in the grain boundary, which is certainly not ideal for
the acquisition of functional derivatives. Ni-doped ZIF-8 3° and Fe-doped ZIF-8 3! have

later been reported via one-pot hydrothermal method, which also show a low doping level
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and meta-stable structure. This is because these metal ions are prone to adopt six-
coordinated structure with imidazole, which causes structural distortion and leads to a
less stable structure 3% 32,

Nevertheless, polymetallic ZIFs have been achieved by Xu et al. via an entropy-
driven room-temperature mechanochemistry method (see Fig. 2.4) . This high-entropy
ZIF (HE-ZIF) contains five different metal species (Zn**, Co?*, Cd**, Ni** and Cu?*")
which were incorporated into the framework with random occupancy via ball milling.
However, single Ni or Cu ion ZIF cannot be obtained via ball milling, and Cd-ZIF can
only be obtained via solvothermal method. Attempt has also been made on the
solvothermal synthesis of the HE-ZIF, but the obtained ZIF only contains Zn and Co ions.
Compared with the physical mixture of ZIF-8, ZIF-67 and Cd-ZIF, the HE-ZIF shows

better catalytic conversion of COz to carbonate, suggesting the difference is caused by

metal node substitution.
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Fig. 2.4 Schematic representation of the synthesis of HE-ZIF via ball milling **.

The labile metal-nitrogen bond in these metal-doped ZIFs makes it extremely
difficult to form a stable framework as pristine ZIFs. The structure will collapse with
more substituted metal ions, as a result it is difficult to synthesise phase pure ZIFs with
substituted metal ions. However, there are still several successful examples. Horike et al.
have successfully synthesised Mg-ZIF-8 with all Zn(II) being replaced by Mg(II) through
a solvothermal method 4. It is challenging to stabilise the tetrahedral Mg>*"-N
coordination geometry in ZIF due to the variation in X-Mg?*-X angles (range from 105°-
115°), and the tetrahedral angle should be ideally 109.5° in order to form an extended
structure (note that ZIF-8 has a tetrahedral angle of 109.3°). Mg(BHa4)2 was carefully
chosen to be the source of Mg as the authors suggested that the presence of hydride ligand
during the reaction would encourage the formation of tetrahedral Mg?*-N core. The
synthesis took place in an Ar-filled glove box, and acetone was used as the solvent. It is
worth mentioning that the coordinating counter anions such as CI" from MgClz was avoid
as it would interrupt the formation of such geometry. Shortly after that, the same group
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reported the synthesis of Mn-ZIF-8 with [Mn(BH4)2' 3THF]'NaBHs as precursor *°. The
change in metal nodes results in larger pore volume. Lately, the inaccessible iron analogue
of ZIF-8, Fe-ZIF-8, was synthesised via a solvent-free method with the use of 4, 4-
bipyridine as the template. Although the resulting ZIF is sensitive to humidity in air, it
can maintain the structure under inert atmosphere for months 3°.

By changing the metal nodes within ZIFs, the pore size as well as the effective
aperture sizes can be finely tuned due to the change in M-N bond length, which is vital
for gas adsorption and separation applications. Moreover, introducing new metal centre
means change in electron configuration of the framework and introduction of new
catalytically active sites. With appropriate heat treatment, these metal node modified ZIFs
would lead to metal-nitrogen-carbon (M-N-C) system 73 composites with single atomic

I and other nanostructures for all kinds of

dispersion 3% 4°, bimetallic sulphides *
applications. The challenge of metal centre substitution is to construct a non-distorted
tetrahedral M-N4 coordination geometry in order to retain the extended yet stable ZIF

structure.

2.2.1.2 Pre-synthetic organic linker replacement

Other than changing the metal centres, substituting the organic linkers can produce ZIFs
with various functional groups, pore sizes, pore aperture sizes, heteroatom (e.g. C and N)
loadings and hence different functionalities, therefore changing or mixing organic linkers

can be seen as an example of pre-synthetic modification.
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Fig. 2.5 Correlation between the & values of Im linkers with the largest ring sizes in ZIFs where
progressively larger ring sizes (pore opening) are made in ZIFs by increasing Im linkers’ size and
shape (steric index, 8) **. The corresponding x-membered ring (x-MR) are demonstrated in ball-
and-stick images. Red dots represent structures reported in the paper and black dots represent
those already reported. The 3-letter framework type code assigned by the Structure Commission
of the International Zeolite Association (IZA-SC), indicate the unique and confirmed topologies
of different ZIF structures. The inset, upper left, shows a schematic of the Im linker including the

definition of d.

In 2009, Yaghi’s group reported a group of ZIFs, of which each tetrahedral metal
atom is connected to two 2-mitroimidazolate and two other Im with different functional
groups '%. With —CI, —CN, ~Me, —Br and —~NOz attached on the Im respectively, precise
control on matrix and functionality can be achieved. Similar examples include ZIF-7,
ZIF-8 and ZIF-90. ¥ By changing the linker from phenyl imidazole (PhIM) to 2-
methylimidazole (MeIM) and to Imidazole-2-carboxaldehyde (ICA), different pore
aperture shapes can be obtained #*. Later, they further demonstrated a rational design of
ZIFs to achieve structures with progressively increased pore opening and cage size (up to
22.5 A and 45.8 A) (see Fig. 2.5) *. By using linkers with different steric index (8) and
combining different linkers, 15 new ZIFs with successive size of rings and cages have
been obtained. Three design principles are revealed: (1) the size and shape of the

imidazolate linkers determine the pore opening. (2) Combination of different linker with
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different 6 value is necessary to achieve maximum cage size. (3) For a fixed set of organic
linkers, pore topology is determined by different ratios of mixed linkers.

These imparted functionalities may disappear after heat treatment, but may assist
further modification to obtain desirable precursor ZIFs. There is yet no systematic
research crosswise studies the properties of ZIF-derivatives obtained from pre-synthesis
organic linker replacement (i.e. ZIFs with same metal centre but different organic linkers).
Nevertheless, researches have shown that the porosity of the carbonaceous materials
varies with different parental ZIFs ** %5, Moreover, the catalytic activities of ZIF-
derivatives are found to be positively correlates to the cavity size and mass-specific pore
volume of the parental ZIFs 4647,

Although there have been already a bunch of ZIFs with different functionality based
on different organic linkers, direct synthesis of ZIFs with new linkers still remains
challenging. Some linkers can be inherently incompatible with typical direct synthesis
conditions, and some are chemically unstable that they cannot form structure via direct
synthesis. To overcome these issues, several indirect post-synthesis methods have

emerged, which will be discussed in section 2.2.1.4.

2.2.1.3 Post-synthetic metal exchange

Post-synthetic metal exchange sometimes refers to transmetalation. So far there has been
no report on ZIFs prepared by full substitution of other metals. But bi-metallic ZIFs (such
as Cu, Fe, Ni, Mn-ZIF-8) have been obtained via post-synthetic metal exchange %!,
The pristine metal-nitrogen bonds in ZIFs are generally robust and hard to break
whereas the exchanged metal-nitrogen coordination might be less stable *°. Therefore,
compared with pre-synthetic metal nodes replacement, more drastic experiment
conditions (such as specific reaction and longer reaction time) are required for post-
synthetic metal exchange. For example, Cohen’s group presented post-synthetic Mn(II)
exchange for ZIF-71 and ZIF-8 for the first time in 2013 (see Fig 2.6) 2. The pristine
ZIFs were synthesised beforehand and were consecutively incubated in methanol at 55
°C for 24 hours in the presence of Mn(acac)2. X-ray fluorescence (XRF) analysis has
suggested that about 12% and 10% of the Zn>" centres were replaced by Mn?" in ZIF-71
and ZIF-8 respectively. The topology, crystallinity, BET surface area and the thermal
stability of the modified ZIFs have been maintained in a similar level of the parental ZIFs,
suggesting that the Mn?"has been successfully exchanged into the structure instead of
trapped in the pores. Instead of changing the experiment temperature to assist the breaking

of the M-N bond, Ban et al. utilized metastable ZIF-108 as parent material to synthesise
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dual-metal ZIFs at low temperature, with Mg>", Cr**, Mn?", Fe?*, Co?", Ni*" and Cu** as
the second metal nodes . In this work, both isostructural and heterostructural ZIFs were
obtained, indicating that metal exchange involves partial dissolution of parent ZIF and
heterogeneous nucleation of the mixed metal ZIF. Compared with ZIF-8, the longer Zn-

N bond makes ZIF-108 more suitable for metal substitution.

Cl Cl

I

an”"N‘\/’N" Zn?*

Mn(II)
MeOH 55 °C

ZIF-71(Zn) Exchanged ZIF-71(Zn/Mn)

Fig. 2.6 Post-synthetic Mn(II) Exchange of ZIF-71 .

There is a lack of open metal sites in the ZIFs crystal, therefore, to replace metal
nodes inside the crystal the substitution ions need to penetrate into the frameworks.
Usually, long time is needed for reaction to fully take place. Recently, Tang et al. has
presented Au** cation exchange for ZIF-8 in methanol at room temperature (see Fig. 2.7)
54 After 8 hours of vigorous stirring in NaAuCls solution, the modified ZIF-8 with hollow
structure (named Au/Zn-MOF) was obtained. The longer the reaction time results in the
more Zn?" been replaced, and the larger the hollow space within the crystals. The hollow
space is believed to be the Kirkendall voids resulted from the non-equilibrium
interdiffusion of Zn*" and Au’*. Besides, due to the continual association-dissociation of
the ZIF, the shell thickness of the nanostructure can be tuned by controlling the
concentration of the Au cation solution. Note that unlike the de novo synthesis, parental
metal nodes can hardly be fully replaced by the new metal ions. So far complete exchange

of metal ions via post-synthetic metal exchange has not been reported.
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NPs and Au’*" ions **

Other metal nodes unachievable by de novo substitution have also been reported
via post-synthetic metal exchange. For example, recently, doping Lanthanide ion (Ln**
La**, Ce**, Nd*" and Tb*") into ZIF-8 has been demonstrated by Hao et al. 3. Typically,
ZIF-8 was dispersed in water and then added into La(NOs3)3, Ce(NO3)3, Nd(NOs)3 and
Tb(NO3)3 respectively. It is suggested that the confinement of Ln*" as well as ion
exchange between Zn?" and Ln** occurred at the same time. ICP-MS indicates that about
10-13% of Zn?" was released because of the ion exchange, but XRD results show that
ZIF-8-Lns tend to lost their crystallinity. In addition, the Mo/W containing mixed metal
ZIFs were also reported by Lou’s group lately *¢. Instead of the use of solitary metal
cations, the exchange takes place between Zn(imidazolate)s>” units in ZIF-8 and MO4*
(M=Mo or W) from the inorganic salts Na2Mo0O4 and Na2WOa. The reaction becomes
possible due to the similar four-connected open structure of both units. The possibility of
inclusion of molybdate or tungstate in the framework by adsorption has been ruled out by
the absence of sodium element. The nearly identical textural properties of ZIF-8 and ZIF-
8-MO4s4 indicate that the framework structure is intact and the pores are not blocked by the
MO4* units. Moreover, Xu et al. have reported a Ti containing bimetallic ZIF 7, which
was obtained through Ti*' exchanging with Co*" on the surface of ZIF-67 in DMF
solvent.
Although post-synthetic metal exchange modification does not facilitate the
completely exchange of all the metal nodes in the parental ZIFs, mixed metal ZIFs could
be obtained easily by this method. However, for all the modified ZIFs it is important to

thoroughly wash the product to remove excess metal ions in order to avoid surface
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clumping of metal NPs and large NPs inside the framework after heat treatment. It is
worth noting that an early report revealed that the presence of multivalent metal ions in
solution will result in structure collapse of ZIFs, whereas univalent metal cations show

no effect on the ZIF structure.’®

2.2.1.4 Post-synthetic ligand modification

Post-synthetic ligand modification can be realised by modifying the existing organic
linkers in the ZIF framework or by replacing existing linkers in the ZIFs with new linkers.
To the best of our knowledge, Yaghi and co-workers were the first to demonstrate a post-
synthesis covalent functionalization of ZIFs without losing the structure integrity during
the organic transformations '’. In their work, the -CHO groups in organic linker of ZIF-
90 were converted to a carboxyl containing linker to form a new structure named ZIF-91.
Another structure, ZIF-92, was formed by modifying the original linker under the same
reflux condition with different reactants, and show a more obstructed aperture due to the
presence of the space-hogging imine group.

Apart from changing functional groups on the existing organic linker, sometimes
the whole linker can be replaced, which is commonly referred as solvent-assisted linker
exchange (SALE). This method is often used to synthesise the conventionally
unachievable ZIF structures. However, the obtained structure may be less stable than
conventional ZIFs or even collapse if high substitution ratios applied. For example, Olga
et al. reported the exchange of the majority of 2-methylimidazole (MeIM) in ZIF-8 by
imidazole (Im) (up to 85%), forming a new isostructural analogue named SALEM-2 %
The molar ratio of Him to ZIF-8 during the linker exchange was vital. While lower ratios
will not yield observable change, higher ratios can lead to the loss of the SOD topology.
Without the obstruction of the methyl group from MelM, the new framework got a larger
pore aperture on the a crystallographic axis. The type of solvent will affect the exchange
ratio of the ligand. Sanchez-Lainez et al. has incorporated benzimidazole in ZIF-90 via
SALE ®. By changing the solvent used and the reaction time, 7.4-23% of the organic
linkers in the framework of ZIF-90 had been exchanged by benzimidazole.

Although the functionalisation via linker exchange is expected to disappear after
heat treatment as discussed above, the nitrogen content of the ZIF derivatives can be
affected by the use of different organic linkers ¢!. The introduced uncoordinated nitrogen
atoms provide stronger adsorption for metal ions than the original ZIF due to the
improved Lewis acid-base interactions, which would potentially be a new way to

introduce metal element into ZIFs and its derivatives. Moreover, the porous structure of
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the ZIF-derivative can also be changed via linker exchange. Zhou’s group has
demonstrated the synthesis of ligand-exchanged ZIF-8 via substituting the MeIM linker
with ‘explosive’ organic linker to produce expanded foam-like porous carbon via pore-
expansion strategy ®2. The N-rich ‘explosive’ organic linker, 1H-1, 2, 3-triazole, can
release large amounts of gases (CO2, NO2, NO, HCN and N2) during the pyrolysis
process, which would result in higher surface area and pore volume in its derivatives.
Moreover, the presence of abundant organic functional groups in ligand modified
ZIFs enable them function as starting materials for further modification. For example,
Bhattacharjee et al. demonstrate that large metal complex can be attached to the surface
of ZIF crystals by attaching to the modified organic linker . You et al. show that metal
ions can be anchored on the hydroxylamine group of the modified ligands ®*. Pastore et
al. has synthesised polymer-ZIF hybrids via ligand exchange ®°. The exchanging ligands
were first attached to the polymer backbone, followed by surface-selective ligand
exchange, the surface of ZIF crystals were covered with polymer chains that can cross-

linked with each other to form a ZIF crystals-polymer composites (see Fig. 2.8).

} .
Pristine MOF Crosslinked
polymer-MOF hybrid

Fig. 2.8 Schematic of direct integration through post-synthetic ligand exchange to form a cross-

linked polymer—MOF network with preserved porosity .

Remarkably, Tsung and co-workers have reported the post-synthetic decoupling
encapsulation of large guest species with molecular size larger than the aperture of ZIF-
8 utilizing the SALE method (see Fig 2.9) . Instead of introducing new ligand, pre-
synthesised ZIF-8 was deliberately mixed with additional original linker in one solution
to trigger linker exchange conditions. As a result, a dynamic balance between linker
dissociation and association occurred. The size of the aperture would increase when the
linker dissociates from the framework, allowing the large guest molecules to enter the
pore. After incorporation of the guest, association of the ligands closed the large apertures
and trapped the guest molecules in the cage. Leaching experiments proved that leaching

is prevented under slow linker exchange conditions.
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Fig. 2.9 Molecular encapsulation beyond the aperture size limit through dissociative linker

exchange %. The guest molecule is Rhodamine 6G (R6G).

Besides SALS, post-synthetic linker exchange can also be achieved using vapour-
phase linker exchange (VPLE), which is more environmentally friendly due to the
solvent-free nature of the method ¢’. For instance, Marreiros et al. have demonstrated the
VPLE on ZIF for the first time by exposing ZIF-8 to 2-carboxaldehyde imidazole vapour,
and the obtained product is identical to the one obtained via direct synthesis or SALE ¢’
Moreover, ZIF crystals in the range of 100 nm to 100 pum were used to explore the size-
dependent linker exchange kinetics and surprisingly no significant difference was
observed, as all crystals end up with 84 + 6% of linker exchanged in the structure.
Compared with SALE, VPLE has faster linker exchange rate, higher precursor utilisation
and is easy to scale up ®. But the process requires to increase the temperature (generally
around 50-300°C) to vaporise the organic linker, therefore the framework may experience
certain deformation during the thermal treatment.

In summary, post-synthetic ligand exchange approach usually only requires mild
reaction conditions and is reversible when labile metal-ligand bonds are presented. This
post-synthetic modification method can avoid the failure of incorporating desired linkers
during the assembly of ZIFs, which makes it powerful strategy for ZIF functionalisation.
The surface chemistry, the physical structure and the chemical composition of ZIFs could
be readily modified. In addition, the modified organic linkers could assist the decoration

of guest species which offer more opportunities for further exploration.
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2.2.2 Incorporating ZIFs into composites

Other than modifying the backbone of ZIFs, functionalisation of ZIFs can also be
achieved by synthesising ZIF-based composites. Herein, we categorise the ZIF-based
composites into four different types according to the orientation relationship between the
ZIF and the other guest constituents (see Fig. 2.10): a) Nanoclusters@ZIFs. Small
constituent particles with sizes smaller than the pores of ZIFs are trapped in the pores, b)
Particles@ZIFs. Single or multiple particles that are larger than the pores of ZIFs are
encapsulated in a single ZIF crystals forming a core-shell structure, ¢) Surface decorated
ZIFs. Other materials are coated on single or multiple ZIF crystals, forming a reverse
core-shell structure. The coating material can be a continuous layer or separate particles
on the surface of ZIFs, and d) ZIFs on supports. ZIF crystals are grown on supports and
the substrates can be partly or fully covered with ZIFs crystals.
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Fig. 2.10 Schematic diagram of four types of ZIFs-based composites based on the orientation

relationship between ZIFs and other constituents of the composites

2.2.2.1 Nanoclusters@ZIF's

ZIF-based composites with small components that can be encapsulated in the pores of the
hosting ZIFs are referred to Nanoclusters@ZIFs in this review. The encapsulated
nanoclusters could be metal ions, metal quantum dots, metal compound particles,

complex large molecules and other nanosized species that are smaller than the cage sizes
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of ZIFs. This encapsulation of the guest species in ZIF cages can mitigate or avoid the
fusion and aggregation of the active centres after heat treatment, leading to desirable
functionality, enhanced catalytic actives with increased durability. There are two main
approaches to obtain such type of composites: in situ synthesis, in which the
encapsulation of exotic species is concurrently with the nucleation and growth of ZIFs,
and impregnation synthesis, in which nanoclusters are introduced after the formation of

ZIFs. Both synthesis methods are discussed as follows.

2.2.2.1.1 In situ synthesis of Nanoclusters@ZIFs

Nanoclusters@ZIFs can be realised by in situ one-pot synthesis method through bottle-
around-a-ship strategy, in which the size of guest species must be smaller than the cavity
of ZIFs to realise the encapsulation. For this reason, simple metal cations with the size of
1-2 A are feasible guest species. However, because the size of the metal cations is far
smaller than the aperture size of the ZIF cages, they would stay on the grain boundary of
the crystals 3! or easily leak out during the washing steps *2, which eventually leads to
different metal contents between batches 2%. The possible surface accumulation of the
metal species after calcination could cause unstable performance in the follow-up
applications. Although direct evaporation of the solvent could be a good alternative to
ensure the number of metal ions introduced " ), the excess amount of organic linker
cannot be removed, which is not ideal for rational functionalisation of ZIFs. Moreover,
the incorporated metal ions with tetrahedral coordination geometry might either replace
some ZIF metal sites or present as free ions within the pores of the framework 2. This
reveals another drawback: metal ion substitution and encapsulation are uncontrolled and
they can occur simultaneously.

The above concerns have brought out the second size requirement for in situ
encapsulation: the size of the guest particles must also be bigger than the pore aperture
for them to be physically trapped in the cage while avoid leaching. Take ZIF-8 as an
example, the size of the guest particles must be not only smaller than 1.16 nm (the pore
diameter of ZIF-8) to fit into the pores, but also bigger than 0.34 nm (i.e. the aperture
diameter of ZIF-8) to be locked in the pores '2. In this regard, atomically precise
nanoclusters (APNCs) have become a better option to meet the precise size requirement.
These APNCs are protected by ligands (e.g. thiolate, phosphine, selenolate, alkynyl and
etc.), and the size was controlled by factors such as solvent, reactant ratio, reducing agent
and temperature °. Recently, in situ inclusion of APNCs, such as Aus(SG)12@ZIF-8,
Au12Ag32(SR)30@ZIF-8/67, Agaa(SR)30@ZIF-8/67, and Agi2Cu2s(SR)30@ZIF-8/67 have
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been reported 7! 72. The formation of these APNCs@ZIFs is established either by 1)
coordination-assisted self-assembly, where the cationic metal nodes of ZIFs coordinate
with the carboxyl group in the protecting ligands of the APNCs, initialising surface
growth of ZIFs on the pre-synthesised uni-sized metal clusters; or by ii) electrostatic self-
assembly, where the anionic APNCs are attracted with cationic metal ions of ZIFs
electrostatically, stimulating the growth of ZIFs around the APNCs. Ultra-small APNCs

with sizes of ~I1.1 and ~1.3 nm 7

and narrow distributions were reported, which
suggested that APNCs could be a great candidate for in situ encapsulation of nanoclusters
in ZIFs.

Instead of directly encapsulating metal nanoclusters, metal-containing complex
molecules are more commonly used as guests in the in situ encapsulation modification of
ZIFs, due to their appropriate molecule size and great variety. Taking Fe(acac)s as an
example, the molecular diameter is around 9.7 A, which is perfectly larger than the pore
aperture but smaller than the pore diameter of ZIF-8 7. One-pot solvothermal method
was applied to synthesise Fe(acac)s@ZIF-8 °. XRD result showed that the presence of
Fe(acac)s did not change the crystal structure of ZIF-8, and the in situ encapsulation of
the Fe(acac)s was confirmed by FT-IR, which ruled out the possibility of backbone metal
node substitution by iron ions. Depending on the amount of Fe(acac)s used, single-atom
dispersed Fe@carbon and Fe NPs@carbon can be obtained via appropriate heat
treatment. Similarly, Ru(acac)s, Rh(acac)s and Ir(acac)s, with diameters of 9.7, 9.36, and
9.8 A, respectively, were also incorporated in ZIF-8 via in situ encapsulation 778, Besides
metal acetylacetonates, other complex metal compounds such as Iron phenanthroline
complex 7, Iron-salen complexes *°, Ammonium ferric citrate 8!, Iron (II) Phthalocyanine
82 Lanthanide-pytz complexes **, and Triruthenium dodecacarbonyl cluster 7 have also
been incorporated into the cages of ZIFs by in situ encapsulation. There are still a lot to
explore for the synthesis of this great family of large metal-containing molecules based
nanoclusters@ZIFs.

Besides metal-containing complex molecules, polyoxometalates (POMs), a family
of inorganic anionic metal-oxygen clusters, are also one of the popular guest species

which have attracted increased research interest due to their versatile properties " *. The

most common POMs that have been encapsulated into ZIFs are the keggin-type
heteropolyanions [ XM12040]" (where X=P, Si or Co etc. M=Mo, W or V etc.) due to their
appropriate molecule size and best chemical stability among all POMs 3¢, For instance,

phosphomolybdic acid (PMA) and phosphotungstic acid (PTA), which can form keggin
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type polyatomic ions with diameters of 13 A ¥ and 10 A ® respectively, have been
reported to form host-guest structures with ZIFs via hydrothermal in situ encapsulation
8991 Zhang et al. have found that the strong acidity of the PMA in some extent, could be
buffered by the excess amount of MeIM, so as to protect the acid-vulnerable ZIF-67 and
ensure the formation of the PMA@ZIF-67 hybrid (see Fig. 2.11) 3. However, open voids
are still observed on the hybrid crystals. With increasing PMA loading in the composites,
the hollow interior would gradually enlarge and finally lead to the complete collapse of
the crystalline structure even with an excess amount of MeIM. The authors suggest that
this unique hollow structure is due to the inside-out Ostwald ripening mechanism, where
the competitive coordination and anisotropic etching of PMA occur at the same time
during the self-assembly of the ZIF. Interestingly, another report demonstrated that with
careful control of the pyrolysis temperature, the ZIF-67 can be carbonised while retaining
the POM molecules °'. Moreover, single metal atom and metal nanocluster anchored
nitrogen-doped carbons have also been reported using POM@ZIFs as precursors °2. The
synthesis of many other POM@ZIFs, such as HsCoWi2040@ZIF-8 %,
HsPMo10V2040@ZIF-8 **, HiSiW12040@ZIF-8 8% % [SiW9Co3(H20)3037]'*@ZIF-67 *°
and Al-DTP@ZIF-8 °7 have also been reported. The abundant variety of POM@ZIFs

would lead to vast selections of ZIF-derivatives.

Calcination

MelM  POM T POM@ZIF-67 Co,0,/CoMo0,
Fig. 2.11 Schematic drawing of the synthesis of hollow POM@MOF hybrids and Co304/CoMoQO4

nanocages *.

Non-metallic species can also be encapsulated into the pores of ZIFs and assist
further functionalisation of ZIF-derivatives. Recently, Lee et al. have reported the
sulfurisation of the core-shell ZIF67@ZIF-8 by encapsulating an organic molecule,
thiourea, during the synthesis process *®. The planar thiourea molecules with a C=S bond
length of 1.71 A and C-N bond length of 1.33A *° remain in the cage of ZIFs even after
thorough washing. Lately, Lysozyme (3 x 3 x 4.5 nm), a widely available protein, has
been first entrapped in ZIF-8 via in situ hydrothermal inclusion with co-precipitating
agent PVP 1% Later, Ag and Au nanoclusters (1.2 + 0.3 nm) encapsulated ZIF-8 has been

obtained through a biomineralisation approach in metal salts solutions.
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In summary, in situ synthesis of nanocluster@ZIFs has set a straight limit on the
size of the guest species that the guest must be greater than the aperture size but smaller
than the pore size of the host ZIFs. They should also be stable under the synthesis
conditions and do not significantly affect the crystallisation of ZIFs. In the in situ
synthesized nanocluster@ZIFs composites, with guest components confined in ZIF cage,
the evident merits of this type of composite include but not limit to (i) the guest
components/elements can be dispersed more evenly within the frameworks of ZIFs and
atomic level dispersion can be achieved ! #2, (ii) more active sites can be exposed,
making such structure favourable for high efficient catalytic applications. This enables
large number of active sites been preserved for the derivatives by fine control over

the following calcination step % 8% 101,

2.2.2.1.2 Post-synthetic Impregnation synthesis of nanoclusters@ZIFs
Nanoclusters@ZIFs with filled active guest species in the cages of ZIFs can also be
achieved post-synthetically by impregnation method, in which ZIFs are impregnated in a
certain amount of guest containing solution, followed by removal of the solvent. It is one
of the most widely used methods to synthesise ZIF supported/mixed composite. Generally
speaking, factors such as solubility of the guest, viscosity of the solvent, and
concentration of the guest solution could affect the amount and the position of the guest
in the porous support materials '°2. In contrast to the backbone modification discussed
earlier, this process generally does not involve the formation of chemical bonds between
the host and the guest.

The post-synthetic nanoclusters@ZIFs have a different size requirement on the
guest from the in situ synthesis of nanoclusters@ZIFs. If the size of the precursors is

103-105

larger than the pore aperture of ZIF, such as metal coordination complex or metal

nanoparticles 1%

, impregnation method would only lead to inhomogeneous loading of
guest species and result in surface clumping %7, surface coating '°® or physical mixing '*
of the guest species. Therefore, the size of the guest species must be smaller than the pore
aperture of ZIFs in order to be infiltrated into the pores of ZIFs. Metal ions are one of the
most commonly studied guest species under these constraints.

In a typical wet impregnation process where an excess amount of solution is used,
the infiltration of the metal ions is driven by both capillary and diffusion action ''°. The
metal ions that infiltrate into the aperture of the ZIF pores can also leak away easily 1%,

so leaching of the guest species is inevitable during centrifugation/filtration process.

Accordingly, the concentration profile of the guest species depends on the mass transfer
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conditions within the pores during impregnation and drying process ''°. On this account,
direct evaporation of the solvent is used to prevent the guest species leaching and ensure
the loading efficiency of the wet impregnation synthesis .

In order to control the loading amount and the position of the metal nanocluster
precursor more precisely, an incipient wetness impregnation approach is developed. In a
typical synthesis, ZIF is impregnated in a small amount of guest-containing solution.
Usually, the volume of the solution is the same as the pore volume of the support to ensure
the complete infiltration of the metal ion solution, followed by direct drying of the
solvent. No washing step is needed, and no leaching occurs during the collection process.
Consequently, controlled amount of loading can be achieved '!'!. Furthermore, with such
a small amount of solution used, all the precursors are diffused to fill in the pores via
capillary action, therefore deposition of metal precursors on the surface of the supports
can be minimised '!2. The obtained nanoclusters@ZIFs can serve as ideal precursors for
the preparation of heterogeneous catalysts by proper heat treatment. Moreover, the
efficient loading and the small amount of solvent needed have largely limited the

113-1 15, metal

pollution during the synthesis ''!. Composites such as metal salt filled ZIFs
halide filled ZIFs ''%, and their use as parental composites towards homogeneous catalysts
have been widely reported via incipient wetness impregnation.

The immobilisation of metal precursors via the wet impregnation method has been
taken one step further by a ship-in-a-bottle strategy, in which the small metal precursors
are first infiltrated into the pores of ZIFs, followed by the in situ reduction/precipitation
treatment. The metal precursors can therefore transform into metal nanoclusters within
the ZIF pores !'7, or metal nanoparticles that are slightly larger than the pores ''®. Both
are considered as nanoclusters@ZIFs in this review as the particles are small enough and
the majority of the framework remains intact. In this way, the immobilisation of the metal
species can therefore be achieved without changing the ZIF structures.

NaBH4 is one of the most commonly used reducing agents in impregnation
modification of ZIFs. Metal salt such as chloride ''°, sulphate 2, nitrate '2!-22, and halide
116. 118 have been reported as the precursor of the guest metal species. Alloy metal particles
could be achieved by introducing multiple metal precursors during synthesis 7 123,
Interestingly, the core-shell structured metal nanoclusters could be obtained by
sequentially immersing and reducing the ZIFs in different metal precursor solutions and

reducing agent solutions '?*. Moreover, report shows that the concentration of NaBH4 can

affect the metal particle size ''2. At low concentrations, some of the metal ions that have
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not been reduced would diffuse out of the pores, leading to agglomeration of metal
particles on the outer surface of the crystals.

Besides NaBH4, several other chemicals have also been reported as reducing agents
to reduce metal ions. For example, Huang et al. demonstrated the synthesis of
Fe(OH)3@ZIF-8 via an in situ precipitation impregnation method using metal hydroxide
as the reducing agent 2. The double-replacement reaction between KOH and metal ions
would trigger the in situ precipitation of insoluble Fe(OH)s. Fe2O3 encapsulated porous
carbon and Fe-doped porous carbon with abundant Fe-N-C sites can be obtained after
further appropriate treatment. NaOH is also reported as the reducing agent for the
fabrication of nanoclusters@ZIFs composite 2. Although ZIFs are unstable under acidic
conditions, Shaikh et al. have reported the impregnation synthesis of PANPs@ZIF-8 using
formic acid as a mild reducing agent '?’. The results show that the crystal structure of ZIF

is intact, but the morphology has changed dramatically, so the balance between the

dissolution and formation of ZIFs under acidic conditions is vital to successful production

L

of ZIF-based composites.
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Fig. 2.12 Schematic representation of the synthesis of CuPd@ZIF-67@ZIF-8 and CuPd/ZIF-
67@ZIF-8 for catalytic dehydrogenation of ammonia borane '**,

It is worth mentioning that other than simple wet impregnation, which is less
controllable over the location of the guest particles, double-solvent impregnation offers
an alternative to ensure no guest particles end up at the outer surface of the support
substrate. This synthesis approach utilises the hydrophilic properties of the ZIFs to
introduce the target metal species into the pores by replacing the apolar solvent with the

metal ion containing polar solvent (i.e. water), therefore reducing metal particle migration
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129 For example, CuPd/ZIF-67@ZIF-8 was synthesised through the wet impregnation
approach '8, and the as-obtained CuPd NPs were dispersed on the surface of the core-
shell ZIF-67@ZIF-8 instead of within the pores of ZIFs. On the contrary, sample
CuPd@ZIF-67@ZIF-8 was synthesised through the double-solvent approach (DSA) (see
Fig. 2.12), and TEM image showed that the CuPd NPs (with a size of ~3 nm) encapsulated
in ZIF-67@ZIF-8 can be achieved. To produce such type of CuPd@ZIF-67@ZIF-8
composite, ZIF-67@ZIF-8 was first suspended in hydrophobic n-hexane, followed by
sonication. Then, PdCl2 and CuClz aqueous solution was pumped dropwise in the above
solution and agitated at ambient temperature to produce purple Cu®>"Pd** @ZIF-67@ZIF-
8. Followed by the dispersion of dried Cu?*"Pd** @ZIF-67@ZIF-8 in methanol, NaBHa4
aqueous solution was added into the solution in a dropwise manner to obtain CuPd@ZIF-
67@ZIF-8. Other dual metal NPs (ZnPd, FePd, CoPd and NiPd NPs) embedded in ZIF-
67@ZIF-8 were also synthesised through this DSA.

Except the encapsulation of the metallic species in ZIFs, organic species have also
been reported to form composites with ZIFs. For instance, Jiao et al. reported the
construction of polypyrrole (PPy)/ZIFs nanocomposites through a confined
polymerisation strategy '*°. Xu and co-workers first reported the introduction of furfuryl
alcohol (FA) into ZIF-8, which underwent polymerisation at 80°C to form PFA/ZIF-8 13!,
The introduced polymerised FA improved the pore texture of the final carbonised
product. FA loaded ZIF-68, ZIF-69 and ZIF-70 have also been reported via the
impregnation and polymerisation method '32. Recently, Ma et al. have reported the highly
nitrogen-doped porous carbon derived from ZIF-8/urea via a simple wet impregnation
process '*°. Externally adsorbed urea was washed away before being subject to heat
treatment. Furthermore, ZIF-7/glucose has been reported via a similar method, whereas
glucose served as the carbon precursor !4,

In conclusion, impregnation method is a facile and versatile way to synthesise
nanoclusters@ZIFs, which can produce both metal and non-metal encapsulated ZIFs in
nano level. The fine structures of nanoclusters@ZIFs provide a good foundation for the
fabrication of ZIF-derived nanocomposites. Further in situ immobilisation steps, such as
polymerisation, chemical reduction/precipitation and hydrolysis reaction, are usually
required to anchor the guest components or species inside the pores of ZIF. Moreover,
direct pyrolysis can also immobilise the metal particles to obtain ZIF-derivatives ''* 125,
Although the composites will eventually go through heat treatment to obtain ZIF-

derivatives, the pre-reduced metallic species are sometimes essential to achieve specific
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structure/ZIF-derivatives, as demonstrated by Hu et al. '?!. The surface clumping of the
particles could be avoided by using incipient wetness impregnation and double-solvent
impregnation, whereas cavity confinement and narrow size distribution of guest particles
could be achieved by careful control over the immobilisation conditions after
impregnation. It is worth noting that impregnating ZIF in metal salt solutions can
sometimes lead to both ion infiltration and metal node exchange °!, which may inevitably

complicate the rational design of ZIF-based composites and their derivatives.

2.2.2.2 Particles@ZIFs

With the size of larger composite constituents varying from several nanometres to several
hundred nanometres, composites in a larger scale could be formed. Instead of
encapsulating small nanoclusters inside the pores, larger particles could act as the seed
for the heterogeneous growth of ZIFs, or attach to the surface of the growing ZIF crystals
and be confined inside as the crystal growth. Surface chemistry is vital for the successful
inclusion of the guest particles. Moreover, single or multiple particles could be included
in single or multiple ZIF crystals depending on the experimental conditions. The spatial
distribution of the guest particles can be controlled as well. This designability of the
Particles@ZIFs composites could lead to abundant derivatives with rich functionalities
and structural diversity, suitable for vast applications. Note that these composites can only
be achieved by one-pot solvothermal in situ growth of ZIFs on the guest particles. Herein,
this method is referred as in situ inclusion of particles to differentiate it from in situ

encapsulation of the nanoclusters.

2.2.2.2.1 Guest particle surface modification
Particles with rich surface functional groups, such as polymer and silica spheres, could
be the ideal guest particles for the synthesis of Particles@ZIFs composites. For example,
Lee et al. have demonstrated the synthesis of polystyrene@ZIF-8 core-shell particles
using carboxylate-terminated polystyrene spheres (PSs) with diameter of 0.87 nm '3°.
During the synthesis, Zn?" ions interacted with surface carboxylate groups to initiate the
growth of ZIF-8 on the surfaces of the spheres. Similar composites were also synthesised
using mesoporous silica spheres (MSSs) with diameter of 3 um !*’. The interaction
between Zn?>* or Co?" ions and silica hydroxyls promotes the nucleation of ZIF-8 on the
surface of the MSSs 3%

However, surface modification is needed for particles that do not contain functional

groups on the surface. Although it is possible to grow ZIFs on the bare metal NPs !,

without surface modification, the distribution of guest species in ZIFs is difficult to
42



control '*°, Research suggests that the uncapped metal NPs will inhibit the crystallisation
of ZIF crystal, resulting in smaller crystal size and incomplete inclusion of guest particles
141 Moreover, without surface modification the metal NPs will not act as nucleation
centres for ZIF crystals, and the orientation of NPs within the ZIF crystals will be
uncontrollable and individual ZIF crystals will be formed through self-homogenous
nucleation >, Therefore, the surface affinity of the guest must be modulated in order to
ensure the complete inclusion of the guest species and firm bonding at the interface.
Surfactants are widely used to modulate/prepare the particle surface for ZIFs
growth. For example, surfactant polyvinylpyrrolidone (PVP), which contains
hydrophobic groups that can act as a great stabiliser to prevent the aggregation of NPs 43,
can also enhance the affinity between guest particles and ZIFs by the interaction between

metal ions and its pyrrolidone rings '#4. Particle encapsulated ZIFs, such as metal NPs '4*-

152, 153

148 metal alloy NPs *-13! metal compounds , polystyrene spheres (PSs) >4, and

elemental sulphur NPs !5

encapsulated ZIFs have been reported with the assistance of
PVP coating. By adjusting the concentration of PVP, the NPs can be tuned from
accumulating in the centre of ZIF crystals to evenly dispersed all over the ZIF crystals
156 Cetyltrimethylammonium bromide (CTAB), an typical ionic surfactant, has also been
reported to bridge the interaction between metal NPs and ZIFs 7,
Functional-group-rich coating could also modulate the guest particles as the seed
for ZIF growth. A commonly used coating is polydopamine (PDA). It can adhere to
almost any surface to form a stable and conformal coating with different thicknesses by
adjusting the concentration of the solution during the coating '*®. The metal chelating
catechol groups can assist the heterogeneous nucleation and growth of ZIFs on a wide
spectrum of NPs to form composites, such as metal NPs, metal nanostars, mesoporous
silica, polystyrene nanoparticles, or magnetic iron oxide nanoparticles encapsulated ZIFs
(see Fig. 2.13) '*°. The PDA layer can assist the growth of ZIFs and endow excellent
colloidal stability to NPs, which averts the aggregation of the cores during the formation
of particles@ZIFs. Moreover, utilising the redox-active catechol groups of PDA, metal
precursors could be reduced locally and form metal nanostructures sandwiched between
the guest and the host. Other functional-group-rich coatings such as cellulose ',
lysozyme (LYZ) '®! and polystyrenesulfonate (PSS) 2 have also been reported to assist

the formation of particles@ZIFs composites.
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Fig. 2.13 Illustration of the stepwise synthesis of nanoparticle@PDA@MOF and metal

nanocatalyst-loaded nanoparticle@PDA@MOF core—shell hybrid nanostructures. TEM images
of Au NPs, Au nanostars, mesoporous silica nanoparticles, polystyrene nanoparticles,
Polystyrene-trapped magnetic iron oxide nanoparticles (MagNPs), MagNP@PDA@AuNPs, and
the correspond nanoparticle@PDA@MOF nanohybrids '*°.

Except for the aforementioned metallic and non-metallic particles, ZIFs themselves
can also be the guest particles. Reports have demonstrated the confinement of ZIF-8 in

ZIF-67 or vice versa !63-165

. With isoreticular structure, similar crystallographic
parameters and chemical composition, the ZIFs@ZIFs can be achieved by the epitaxial
growth method (EGM), which means the shell is the extension of the core’s crystal lattice.
The particle shape of the core ZIF and the presence of metal NPs does not disrupt the
reconstruction of the standard rhombic dodecahedral crystal shape of the outer ZIFs 6.
Complex structures such as 8-layers interlaced matryoshka structure can be realised '®7.
The combination of two ZIFs not only provides two metals for broader applications but
also endows the hybrid derivatives with new chemical/physical properties and interfacial
functionality '

MOFs as the guest species in ZIF-based composites have also been reported. The
guest MOFs need to be stable under the growing conditions of ZIFs and have compatible
metal nodes or organic linkers to initiate the growth of ZIFs. Feng et al. demonstrate a
controlled stepwise synthesis method to fabricate core-shell PCN-222@ZIF-8 with PCN-
222 crystals as seed particles '%%. Zn** can coordinate with the organic linker of PCN-222
to start the growth of ZIF on its surface '°. However, lattice mismatches between ZIFs

and MOFs can lead to increased energy barriers for the heterogeneous nucleation of ZIFs.

Liu et al. have developed complex ternary MOF-on-MOF superstructures with ZIF-8,
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ZIF-67, Zn/Co-ZIF and MIL-125 '7°. ZIFs are selectively grown on specific facets of bare
MIL-125 with minor lattice mismatches at the interface and with other facets uncovered.

With ZIF-incompatible organic linker, metal ions, and lattice structure, epitaxial
growth of ZIFs is not possible for most MOFs. A mediator is required to adapt the ZIFs-
MOFs interface. Surfactants such as CTAB, PVP, TTAB, CPB and SDS were reported
to assist the synthesis of MOFs@ZIFs composites !"1"173, It is worth mentioning that,
random copolymer (RCP), which contains multiple functional groups, is a more versatile
molecular glue for the in situ growth of ZIF on MOFs demonstrated by Li and co-worker
174 In this report, ZIF-8 was coated on five different MOFs (Uio-66, MOF-801, MIL-
96(Al), MIL-101(Cr), and MIL-53(Cr)) with the help of two homopolymers and four
RCPs, respectively. Functional groups of RCPs can coordinate with different MOFs
hence mediating the ZIF-MOF interface. A uniform and dense layer of ZIF-8 was
obtained with appropriate selections of RCP, reaction time and organic linker to metal
nodes ratio. Nucleation on the polymer surface instead of the core surface has eliminated
the effect caused by different crystal lattice parameters and coordination modes between
ZIF-8 and MOFs.

In conclusion, to effectively form particles@ZIFs composites, the guest particles
must be 1) stable under the ZIF formation conditions and ii) readily interactive with the
metal ions or the organic linker of the ZIFs. The guest particles could be metals, ceramics,
polymers, or MOFs as long as the heterogeneous nucleation of ZIFs could happen on their

surface or interface.

2.2.2.2.2 Spatial relation of the guest particles

Other than manipulating the surface of the guest particles to achieve successful inclusion,
the spatial relationships between the hosting ZIFs and the core guests can be further
tailored. The size of the guest species can lead to three different morphologies, I)
multiple-core-monocrystalline-shell composite, II) single-core-monocrystalline-shell
composite, and III) single-core-polycrystalline-shell composite (see Fig 2.14), as
proposed by Wang et al. '%!. The author suggests that while smaller NPs can serve as
nucleation seeds and lead to the growth of monocrystalline-shell composites (type I and
IT); ZIF nuclei formed through homogeneous nucleation will randomly attach to the large
particles that are introduced before the nucleation of the nuclei, leading to the formation

of polycrystalline-shell (type III) composites.
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Fig. 2.14 Tllustration of the step-wise synthesis of the controlled encapsulation of NPs in MOF
crystals to form multiple-(I) or single-core-monocrystalline-shell (II) or single-core-

polycrystalline-shell (IIT) structures '°'.

The controllable synthesis of type I and type II particles@ZIFs were also
investigated by Chen et al. '*°. The density of ZIF nuclei on Au NPs is the key to the
formation of different morphologies. A high density of nuclei can be achieved by low
reaction temperature and long incubation time, leading to the coalescence of ZIF-8 nuclei
between early-stage single Au NP-ZIF-8 hybrids, resulting in the formation of multi-core-
monocrystalline-shell Au@ZIF-8 with further epitaxial growth of ZIF-8. Whereas under
high temperature and short reaction time, a low density of nuclei was formed on the Au
NPs surface, single-core-monocrystalline-shell Au@ZIF-8 was synthesised via direct
epitaxial growth of ZIF-8. These results indicate that particle size, reaction temperature
and time will all affect the final morphology of the guest@ZIFs composites. Research
also suggests that the number of guest particles within a single ZIF crystal can be
rationally controlled by increase in the volume of NP solution added during the synthesis
process '”°. However, the amount of NPs encapsulated is limited by the volume of the
ZIF crystal, where excess amounts of NPs cannot be completely embedded in the ZIF
single crystal. As a result, aggregation is inevitable.

It is worth noting that the spatial distribution of the NPs has also been studied. Huo
and co-workers have demonstrated a smart strategy to rationally design the distribution
of different NPs with different sizes within the ZIFs crystal '7®. In detail, the spatial
distribution of metal NPs can be adjusted by the time of NPs addition during the ZIF
formation. Addition at the beginning (To) will result in a NPs embedded core. With an
additional reaction time, the NPs will be depleted and a NPs free shell will be formed. In
contrast, addition after a period of time (T) will result in pure ZIF central areas and shell,
but transition layers containing NPs in between. Therefore, sophisticated distribution

patterns of different NPs within a single ZIF crystal could be achieved by playing with
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the addition sequence of the NPs. The successful inclusion with later introduction of NPs
suggests that nanoparticle-induced heterogeneous nucleation is not the dominant
mechanism in the inclusion process. Instead, the dominant inclusion mechanism is based
on the successive adsorption of NPs on the surface of growing ZIF crystals.

Besides the aforementioned morphologies, the guest species can also be used as a
sacrificial template to generate yolk-shell structures '7’. For example, Li et al. have
reported the production of yolk-shell Pd@ZIF-8 nanoparticles using core-shell Pd@ZnO
NPs as self-template and Zn** source !”®. It is worth noting that the concentration of the
organic linker and the release rate of the metal ions instead of homogeneous nucleation
in solution are vital to achieve heterogeneous nucleation on the oxide surface !”°. Thanks

to the robust alkali resistant porous structure of ZIFs, sandwich '*°, hollow '*¢, yolk-shell

154,175, 177, 180 8

, and single-crystal ordered macropore structures '8! can also be realised by
the inclusion of specially chosen guest particles, followed by post-synthetic chemical
removal of the whole core or the middle layer.

In conclusion, the spatial relationships between the hosting ZIFs and the core guests
are controllable by the reaction temperature, reaction time, the size of the guest species,
and the time of NPs addition during the ZIF formation. Moreover, sophisticated structured
ZIF hybrids could be obtained with carefully chosen guest species. As a result, both new
constituents and nanostructures could be introduced to the ZIF derivatives, leading to

functional derivatives for various applications 6% 171 177, 182-184,

2.2.2.3 Surface decorated ZIFs

To form a reverse core-shell structure, single or multiple ZIF crystals could be decorated
by discontinuous particle coating or continuous layered coating, which can be realised by
in situ growth of the coating, post-synthetic mechanochemical mixing or other physical
deposition methods. Surface modification can not only introduce hierarchical pore
structure to the composites but also introduce guest metal species, heteroatoms, or even
unique morphology and structure to the hybrids. It is also common to produce ZIF-
derivatives with complex composition and structure from surface decorated ZIFs. Both

organic and inorganic coating will be discussed in this session.

2.2.2.3.1 Organic coating/surface decoration

Thermosetting resin is a kind of organic polymer that can be coated on ZIFs via in situ
polymerisation. Composites such as resorcinol and formaldehyde (RF) resin coated ZIF-
8 185 and 3-aminophenol and formaldehyde coated ZIF-8 ¥ have recently been reported.

Li and co-works have prepared a 4-aminophenol and formaldehyde (AF) coated ZIF-67
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via a one-pot synthesis '*’. The resin precursors, 4-aminophenol and formaldehyde, were
mixed with the ZIF precursor solutions, Co(NO3)2 water/ethanol (v/v: 2/1) solution and
2-Melm aqueous solution, respectively, before mixing the two solutions (see Fig. 2.15).
The Polymerisation of 4-aminophenol and formaldehyde could be induced by the organic
linker of ZIF. Moreover, the fast nucleation of ZIF-67 and the slow polymerisation of AF
is the key to the formation of final core-shell structure. The thickness of the coating layer
ranged from 11-31 nm and varied with the amount of AF used during the synthesis
process. Interestingly, the weak interaction between the O atoms in AF with the Co®" in
ZIF-67 could decelerate the growth rate of ZIF, resulting in increasing crystal size. Co/N-
doped carbon-based composites were obtained by further heat treatment. AF coating
increased the thermal stability of ZIF and prevented the agglomeration of Co NPs during
the carbonisation process. It is worth knowing that resin coating can be used to immobilise
guest particles on the ZIFs crystals, leading to a core-shell sandwich structure. For
example, Liang et al. have synthesised a RF coated ZIF-8 with Pt NPs loaded on the
surface of ZIF crystals prior to the RF coating '*. The organic coating can provide extra
protection on the immobilisation of the metal NPs and prevents severe aggregation during
pyrolysis. Moreover, by introducing other metal ions into the organic coating (e.g. Co or

Ni), PtCo or PtNi alloy NPs embedded in porous carbon could be formed.

p < o" ) @ Co
! C0(|§03)Z ~ aFe7 o % Ten® e @ N ;
primary particle o o
:4-aminophenol » s, '.‘ﬁ“ Pyrolysis @c
b LAl I
1 — o nLes N2 |
1& f |
I * == = |
| I
1 |
! Jo— |
: ":’-';/‘\I' \\\ |V_igand4 1 MOF nucleation (fast) I
., L Has
'\ \ ,’q,’,q'/y — 2 AF polymerization (slow) . :
' S 4 st -
~ 1.0-ZIF-67 @AF 1.0-HZPC-8 A

Fig. 2.15 Illustration of the formation of 4-aminophenol and formaldehyde (AF) coated ZIF-67

via a one-pot synthesis ',

Except serving as a protective layer to immobilise surface loaded guest particles or
prevent agglomeration of metal NPs during the carbonisation process, organic coatings
can also introduce heteroatoms to the ZIF-based composites and their derivatives. Ma et
al. have coated the N, P and S containing poly(cyclotriphosphazene-co-4,4'-
sulfonyldiphenol) (PZS) cross-linker polymer on ZIF-67. N, P, S tri-doped hollow carbon
shells were obtained with appropriate heat treatment. Moreover, ZIF-8@PZS and their

tri-doped hollow carbon derivative have also been reported '®. It was found that the
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existence of the S element in the polymer shell is the key to the formation of the hollow
structure. The S element could be removed by substitution of bis(4-hydroxyphenyl)
sulfone with bis(4-aminophenyl) during the polymerisation of the cross-linker polymer.
Other organic coatings such as N and P-containing cross-linked oligomer,

oligo(cyclotriphosphazene-co-hexahydroxytriphenylene) '

and B-containing 1,4-
benzenediboronic acid (BDBA)-Tannic acid (TA) network '° can also be used to
introduce heteroatoms to the ZIF-derived carbon.

Besides the aforementioned polymer and resins, biological compounds have
recently become one of the most popular coating materials due to their robustness, easy
synthesis and facile functionalisation. For example, polydopamine (PDA) can polymerise
on the surface of ZIF particles to form core-shell structures. The N containing functional
group structure can not only introduce N element into the ZIF composites '°! but also
coordinate with metal ions to form metal-dopamine complexes, hence introducing metal
elements to the composites and their derivatives '°?. Recent research shows that the PDA
derived N-doped carbon shell can protect the metal-based sites from acid/base attacks !°3.
Meanwhile, the abundant N-dopants and graphitic carbon can also provide plentiful active
sites for the ZIF-derived electrocatalysts. Interestingly, composites with different
morphology and composition could be formed by calcining the ZIF@PDA composites
under different temperatures ',

Tannic acid (TA) can also readily bind with the organic and inorganic surface via
covalent and non-covalent bond interactions and is a low-cost alternative to PDA coating
195 Ge et al. have synthesised TA coated ZIF-67 through a simple hydrothermal process
1% Due to the instability of ZIF under acidic environment, increased TA concentration
will lead to a tendency for structural collapse. With prolonging coating and etching time,
the structure of the ZIF-67 crystals can evolve from solid to core/shell and finally to
hollow polyhedron structure. A report shows that TA can bind with heteroatom-
containing organic molecules 7 as well as the metal ions !°® to further functionalise the
ZIF@polymer hybrides and their derivatives. P-rich Phytic acid (PA) shows similar
behaviour to TA when coated on the surface of ZIFs 2!, Moreover, polysaccharides
such as chitosan, sodium alginate, heparin, hyaluronic acid, chondroitin sulfate, dermatan
sulfate, glucose, citric acid, pyrrole and B-cyclodextrin have been reported to form

coatings on ZIFs 2922%4_ They are all functional group-rich biomacromolecules that can

be coated on ZIFs via hydrothermal monomers gelation 2>, mechanochemical synthesis
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203 or freeze-dry synthesis method 2%* to produce functional carbon-based ZIF-derivatives
for various applications.

Except for coating on individual ZIF crystals, organic coatings could be coated on
multiple ZIFs particles and form cluster structures. For example, Cai et al. have prepared
porous phenolic resin coated ZIF-67 films by mixing pre-synthesised ZIF-67,
mesoporous soft template F127 and phenolic resin mechanically 2°°. The introduction of
porous phenolic resin brings more specific surface area and pore volume to the
composites and their thermal derivatives, which is favourable for adsorption application.
Sankar et al. have demonstrated the fabrication of ZIF embedded polymeric nanofibers
through electrospinning using polyacrylonitrile (PAN) as the polymer source 2°. The
carbonised sample shows a hierarchical porous structure with large surface area and rich
defects. Except PAN, poly(vinyl alcohol) (PVA) 27 and poly (lactic acid) (PLA) 2% have
both been reported to serve as organic matrixes for the embedment of ZIFs.

In conclusion, although the organic coating can be readily decomposed during heat
treatment, it is still a common way to functionalise ZIFs and their thermal derivatives. It
can not only introduce heteroatoms and metal species into the ZIF hybrids but also
simultaneously impose the hybrids with macrostructures. Moreover, it can act as a
protective layer during the pyrolysis, to immobilise and stabilise the metal NPs during

carbonisation process and to prevent the NPs from severe aggregation.

2.2.2.3.2 Inorganic decoration/coating

Metal NPs are one of the most popular surface decorators for ZIF-based composites. Pre-
synthesised metal NPs can be anchored on the ZIF surface with the help of functional
group rich media such as thermosetting resin '%, water-soluble glutathione (GSH) ! and
PVP 2% The surface decoration of metal NPs could also be achieved by direct
precipitation of the metal NPs via a wet chemical reduction method 2'°. In a typical
synthesis, metal salts were first added to a homogeneous ZIF containing solution. Then a
reducing agent-containing solution was rapidly added to the mixture under vigorous
stirring to reduce the metal ions into metal NPs. Direct heat treatment on the precursor
salt loaded ZIFs can lead to metal NP reduction and ZIF-derivative formation
simultaneously. However, the as-obtained metal NPs show much larger particle size and
a wider range of size distribution 2!!. Other metal NP decorated ZIFs, such as Ru NP
decorated ZIF-67 2'2, Pd/Pt/Au NP loaded ZIF-8/67 2'3, and CuPd alloy NP coated ZIF-
67@ZIF-8 2 have been reported utilising this deposition-precipitation method, which is
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a universal route towards metal NP coated ZIFs and offer a feasible way to obtain
abundant ZIF-derivatives.

Except metal NPs, a continuous metal layer can be deposited on ZIF surface via
physical vapour deposition (PVD), or more specifically, sputter-coating/sputter
deposition method ?'*. The thickness of the coating can be controlled by adjusting the
applied electric current and the sputter duration, and different metals could be coated on
the ZIF particles by simply changing the metal target. Moreover, controllable coating
could be realised by masking technique. Maspoch and co-workers have synthesised
asymmetric metallic Janus ZIF particles by sputter depositing a layer of metal(s) (Au, Co
or Pt) on one side of the ZIF particles’ surface. The ZIF was first drop-cast onto a planar
surface before sputter-coating to mask one side of the particles 2!°. An anisotropic ZIF-
metal composite with two chemically distinct regions can be obtained by detaching the
half-coated ZIF particles from the surface. In general, this method is feasible for a wide
range of metal, metal oxide, polymer coating and more 2!®, applicable for different types
of ZIFs, which offer great opportunities in designing complex surface decorated ZIF
based composites and their derivatives.

Besides pure metal, metal sulphides can also be coated on ZIFs and were commonly
realised by the hydrothermal in situ transformation method, in which ZIFs act as
sacrificial templates. ZIFs-metal sulphides Core-shell and yolk-shell structure could be
obtained by fine-tuning the reaction duration and precursor concentration. For example,
Li et al. have recently synthesised a ZnS coated rod-like ZIF-L with thioacetamide (TAA)

as sulphurization agent 2!

The surface-coating ZnS gradually changed from
discontinuous particles to a continuous shell as the reaction time increased. Finally, all
ZIF-L would be consumed, and a phase pure tube-like ZnS was obtained. Song et al. have
also reported a hydrothermal synthesis of CoS/ZnS coated CoZn-ZIF with TAA as
sulphurization agent 2!®. The CoS/ZnS coating could protect the inner Co atoms from
agglomeration during and after the pyrolysis of the core-shell hybrid. However, using
ZIFs as sacrificial templates, the formation of the metal compound coating involves a
dissolution-regrowth process, which would eventually lead to the formation of hollow
metal compound cages instead of surface coated ZIFs composites '°2. Interestingly, Qiu
et al. have shown that it is possible to realise metal compound coating with the ZIF-8 core
intact by providing extra Zn precursor 2. During the synthesis, both Cd and Zn salts were

mixed with ZIF-8 suspension. Then a NaxS solution was added dropwise for the surface

precipitation of the Cdo.sZnosS particles.
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Layered double hydroxides (LDHs) are a very popular coating for ZIFs. They are a
kind of anionic clays with layered structure and chemical formula of [M>(1x) N*'(x)
(OH)2*" [A™xm' yH20], where M?" is a divalent cation (e.g. Mg?*, Ni2*, Fe*", Co*" and
Zn*"), N** is a trivalent cation (e.g. AI**, Fe*", Mn**, Co®" and Cr**) and A™ is a charge-
balancing interlayer anion (e.g. NO3", SO47, CO3", CI') ?*°. The abundant metal cations and

the ease of mutual transformation between ZIFs and LDHs 2%!-2%

suggests that large
varieties of LDH coated ZIF-based composites can be obtained easily. For example,
Saghir et al. have synthesised a NiCo-LDH coated ZIF-67 via a hydrothermal method 2.
The Ni salt was mixed with ZIF-67 in ethanol, and the hydrolysis of Ni(NO3)2 in ethanol
would lead to the dissolution of ZIF-67 and release of Co** ions ?%%; the Co*" ions will
then co-precipitate with Ni*" ions to form NiCo-LDH on the surface of ZIF crystals.
Similar hybrids were also produced by a one-pot synthesis method, where both LDH
precursor and ZIF precursors were mixed in methanol solution and incubated in an
autoclave reactor 2*’. Core-shelled ZIF-67@Co-Ni LDH polyhedral (C-ZIF@LHD),
yolk-shelled ZIF-67@Co—Ni LDH polyhedra (Y-ZIF@LDH) and hollow Co—Ni LDH
polyhedra (H-LDH) were obtained with increasing reaction time (see Fig. 2.16), which
suggested that accurate control over the ZIF template etching and the rates of formation
of LDH are vital for the structure control. It is worth noting that no LDH shell would be
formed when ZIFs undergo rapid etching. The water-content-dependent etch rate could
be reduced by adding ethanol to the solution 228, LDH coated ZIF hybrids such as ZIF-
12/Fe-Cu LDH 2%, ZIF-9(111)/Co LDH #°, rtGO@ZIF-67@NiAl-LDHs ?*! and macro-
microporous ZIF-67@NiCo LDH **?have been reported recently. Moreover, the thermal
derivatives of the LDHs/ZIFs hybrids have also been widely reported and show great

potential in all kinds of applications 233233,
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Fig. 2.16 (a—f) TEM images of C-ZIF@LDH (a and d), Y-ZIF@LDH (b and ¢), and H-LDH (c
and f). The inset in (f) shows the SAED pattern of the sheets of Y-ZIF@LDH >/,

In addition, metal oxides coated ZIFs have been widely reported. For example,
Yang et al. have synthesised ZnO coated ZIF-8 by simply mixing ZIFs with AgNOs3
aqueous solution 2*6. The authors proposed that due to the hydroxyl rich environment
resulted from the high oxidisability of Ag®, the chemical reaction, Zn(MI)2 + 2Ag" +
2NO3 + H20 2 Zn2" + HAg(MI)2 + 20H = Zn(OH)2 = ZnO + H20, took place. Higher
concentration of AgNO3 would lead to smaller and more rounded ZIF-8 particles and
deterioration of the total surface area and pore volume. Chang et al. have reported a
Zn(OH):2 coated ZIF-8 by directly mixing NaOH solution with Zn(NO3)2 containing ZIF-
8 suspension 2*’. The hydroxide coating can be converted to ZnO by a low-temperature
thermal treatment in air. Results show that a high concentration of zinc salt is vital to the
external deposition of Zn(OH):, whereas a low concentration would lead to
nanoconfinement of the hydroxide in the ZIF cages. Zhang et al. have reported a TiO2
coated ZIF-67 by in situ hydrolyses of tetrabutyl titanate >**, and the thickness of the TiO2
shell could be controlled by increasing the amount of tetrabutyl titanate used.
Furthermore, Lyu et al. have reported the synthesis of ZIF-67@CoMo0O4-Co(OH):2 yolk-
shell structure using Na2MoOs4 as precursor >, The released Co?* from the dissolution of
ZIF-67 reacts with MoO4?" to form CoMoQs, whereas the alkaline environment provided
by Na:MoOs4 encourages the formation of Co(OH)2 around the ZIF-67 core. A longer
reaction time could lead to the complete dissolution of the ZIF core. CoO-MoO:2
nanocages could be obtained by pyrolysis the synthesized ZIF-67@CoMoQO4-Co(OH)2
under H2/Ar atmosphere. In addition, CoWQO4-Co(OH): shell could also be obtained by
replacing Na2MoOs with NaaWOs.
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It is worth mentioning that SiO2 is also a popular surface decorator for ZIFs. The
exceptional mechanical properties of SiO: coating could significantly enhance the
mechanical properties (i.e. toughness and hardness) of the composites 24, resulting in
stable core-shell or yolk-shell structure before and after thermal treatment 24! 242,
Moreover, the SiO2 coating could protect the ZIF core from undesirable fusion and
aggregation of individual nanoparticles during the pyrolysis process 2*}, which ensures
the exposure of active sites, high porosity for reaction mass transport and good
electrocatalyst dispersibility. Epitaxial growth of SiO: coating could be achieved by
alkali-catalysed hydrolysis of tetracthoxysilane (TEOS) ?*!. The shell thickness could be
easily modified by adjusting the amount and the concentration of the precursor used
during the hydrolysis process. It was found that thicker shell would lead to larger surface
area of the thermal derivative of the ZIF-Si02 hybrid, smaller particle size , better particle
dispersion, and consequently better catalytic performance of the derivatives **. However,
a thick SiOz2 shell could hinder reactant diffusion during the catalytic process, resulting in
low catalytic efficiency. However, with the addition of CTAB as the pore directing
template, a mesoporous SiO2 shell could be obtained **. These mesopores can be used as
channels for mass transport during the catalytic reaction. Furthermore, through steric
hindrance effects of these pores, the molecular size of the reactant could be selected,
which is beneficial to rational design of the catalyst materials 24°.

In conclusion, inorganic surface coating/decoration could bring both metallic and
inorganic non-metallic materials into the ZIF-based composites. These composite
materials can withstand high temperatures and introduce new constituents to the

corresponding thermal derivatives.

2.2.2.4 ZIFs on supports

Unlike the coating on small 0D particles, which can be realised by single-crystal
confinement, the coverage of ZIFs on the surface of large substrates (1D fibre, 2D plate
and 3D foam) is always composed of multiple crystals. Different growth conditions
would lead to partly or fully coverage, continuous or discontinuous layer, and intergrown
or non-intergrown grains of ZIFs. Synthesis of ZIFs on supports could be achieved by
either chemical approaches such as in situ heterogeneous growth or physical approaches
such as glue adhesion. Problems such as poor compatibility and weak interaction between
ZIFs and substrate could lead to unsatisfactory application properties. Therefore,
intermolecular forces such as covalent bonding, ligand bonding, electrostatic interactions

and hydrogen bonding are beneficial to the attachment of ZIFs to supports, achieving a
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controllable synthesis of different support@ZIFs structures, and provide stable
composites that are suitable for further treatments 246, The synthesis strategies of ZIFs on
supports can be catalogued into two main types: ZIFs directly grow on certain kinds of
interactive substrates where no additional surface treatment is needed, and ZIFs grow on

mediators which have been pre-treated on the surface of substrates.

2.2.2.4.1 Direct growth on substrates

Direct growth of ZIFs can simply be achieved by the seed-and-growth method. Seeding

7 8

techniques such as dip coating ?*’, spin coating >*®, electrospinning ?** and chemical

vapour deposition °° have been reported for the in situ coating of ZIFs on glass/silicon

249, 251 248, 252

, porous ceramics , metal 23 and polymers 2°*. The thickness, continuity and
uniformity of the ZIF coating could be controlled by epitaxial secondary growth 23 and
layer-by-layer method 2°°. It has been reported that the structure of the ZIF coating
depends on the type of metal salt used 2°7. Stronger interaction between the metal ion and
the counter anion in the metal salt will lead to slower nucleation rate of the ZIF-8 and

fewer nuclei formed on the surface of the support, which consequently results in larger

grain sizes and poorer grain boundaries (see Fig 2.17.).
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Fig. 2.17 Illustration of the proposed process/hypothesis for secondary growth from a ZN seed

layer. Note that fast heterogeneous nucleation with zinc nitrate leads to the uniform growth of the

seed crystals, resulting in a thinner membrane with better grain boundary structure **’.

Besides the seed-and-growth method, direct interaction between the ZIF precursor

and the substrate can also lead to in situ formation of ZIF coating. Due to the chemical
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linkage between the coating and the support, ZIF crystals could be tightly anchored on
the support surface producing stable composites for various applications and further
treatments. For example, Wang et al. have synthesised ZIF-67 on CeO2 nanowires 2. By
premixing the nanowires with the organic linker, part of the MeIM would coordinate with
Ce ions and allow further nucleation of ZIF-67 on the surface of CeO2 nanowires.

Based on this principle, Zn and Co containing substrates such as ZnO and CoO are
widely used as support for the direct growth of ZIFs. Not only the Zn and Co ions from
the substrate can coordinate with MeIM to initiate the heterogeneous nucleation of ZIFs,
but the support itself can also serve as a sacrificial template, therefore core-shell structure,
layered sandwich structure and hollow nanotube structure with different degrees of
sacrificial replacement have been obtained 2>-2!. It was found that adding precursors in
sequence was the key to successful ZIF coating 2. By contrast, adding all precursors at
once would lead to high precursor concentration, triggering both homogeneous and
heterogeneous nucleation. Moreover, without the protective ZIF-8 seed layer, the ZnO
substrate would be destroyed by a random etching process, which eventually leads to the
formation of 0 D core-shell polyhedral particles. Furthermore, the growth kinetics of ZIF
depends on the dissolution kinetics of the substrate 263, Both the concentration of the
organic linker and the exposed faces of ZnO will affect the nucleation of ZIF crystals;
And uniform 2D layer or 3D nuclei of ZIF can be obtained by adjusting the synthesis
parameters. It is worth noting that a secondary seed-and-growth method was developed
based on the sacrificial template method, which allows the coating of ZIFs on a weakly
interacted substrate by pre-seeding the metal oxide on the surface of the substrates 264-26%,
A densely-packed metal oxide seed layer that is strongly anchored on the support surface
is essential for the formation of well intergrown polycrystalline membranes. In addition,
the addition of sodium formate is vital for the in situ formation of a continuous well-
intergrown ZIF layer without cracks 2.

Layered double hydroxides (LDHs) were found to be a perfect support for the
growth of ZIFs, because the surface of LHDs contained plenty of evenly distributed
unsaturated metal coordinate sites, which would attract the free organic linker molecules
in the reaction solution, leading to in situ heterogeneous nucleation and epitaxial growth
of ZIFs ?’° It is found that the ZIF-67 would only grow on CoAl-LDH instead of MgAl-
LDH, which indicates the specific interaction between the Co?" in the CoAl-LDH and
MelM is vital to the formation of ZIFs 2!, It was also found that the Co/Al molar ratio of

LHD affected the morphology of the coating. With Co/Al=1:2, discrete ZIF-67 crystals
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grew, and sparse carbon caves formed after pyrolysis. By increasing the Co/Al molar ratio
to 2:1, a dense and uniformly oriented ZIF-67 layer was formed, which could be
converted into a well-organised 2D honeycomb-like carbon network. Moreover, ZIF-8
was unable to grow on the CoAl-LDH properly, and ZnAl-LDH would be a better
substrate for ZIF-8 272,

Except for the aforementioned metal ion nucleation sites, substrates which already
contain rich functional groups can guide the in situ growth of ZIFs. For example, Jia et
al. have reported an in situ growth of ZIF-67 on Alginate fibres (AF), a natural polymer
extracted from seaweeds 7%, via surface functional group chelating *’*. The AF is
composed of polysaccharides with abundant hydroxyl and carboxyl groups which can
chelate with metal ions such as Fe**, Co?" and Ni** to form an ‘egg-box’ structure. Co-
AFs were simply obtained by soaking the AFs in cobalt salt solution, in which the Co
ions in Co-AFs served as growing sites for the formation of Co-based ZIF. Ma et al. have
grown ZIF-8 on cellulose fibres with a similar binding mechanism 27°. Both electrostatic

and hydrogen interactions between the ZIF and the substrate were found. Other functional
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group-rich substrates such as chitosan aerogel “’°, graphene oxide '/, reduced graphene
oxide %7®, highly fluorinated graphene oxide 2”°, and oxidised single-walled carbon
nanotubes 2** have also been reported for the growth of ZIFs.

It is worth mentioning that synthesising ZIF-based hydrogels/aerogels with the help
of polymer is a feasible way to obtain high dimensional 3D structures on a larger scale.
ZIF crystals can be incorporated into the extremely lightweight network by the ex-situ
mixing of pre-formed ZIF crystals with intermediate hydrogels or by the in situ growing
of ZIFs on the pre-treated ZIFs precursor containing aerogels. Composites include ZIF-

8@polylactic acid (PLA) aerogel 2!, ZIF-8/polyvinyl alcohol (PVA) hybrid aerogels 2%,

283 28

silica aerogel-ZIF-8 hybrids 2%, ZIF-8@cellulose aerogel composites 2%, reduced
graphene oxide/ZIF-67 aerogel composites %, hierarchically porous graphene/ZIF-8
hybrid aerogel 2%¢ have been reported. Combining hydrogels/aerogels with ZIFs has
entrapped the ZIF crystals in the polymer networks, which not only endows the
composites with properties such as open porous structure and large empty spaces that
impart extrinsic hierarchical porous structure to the composites, but also enables the easy
combination of ZIFs on different substrates. As a result, the composites and their
derivatives can offer high accessible surface areas, abundant surface active sites and easy
mass transport kinetics. Moreover, the aerogel is mechanically flexible and tolerable to

cutting, moulding and patterning, which could render the composites with macroscopic
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shapeability and mechanical flexibility, changing ZIFs powder into an easy handling form
287

Besides, ZIF coatings could also be deposited on substrates by mechanical method.
For instance, Cheng et al. have developed a unique but versatile binder-/solvent-free hot-
pressing (HoP) method to produce various ZIFs (ZIF-8, Ni-ZIF-8, ZIF-67 and ZIF-9) on
different flexible substrates (i.e. anodic aluminium oxide, copper foil, nickel foam,
glass/carbon cloth and glass fibres) 2%%. ZIF precursor powders were mixed with
polyethylene glycol (PEG) and placed on the desired substrates during the fabrication. A
piece of aluminium foil was used to pack the sample before being pressed by an electric
heating plate at 200 °C for 10 min, and a washing step was taken to remove the unreacted
ZIF precursors. This HoP method can be scaled up easily and allows facile fabrication of
mixed metal ZIF coating and mixed ZIF coating on various substrates.

In conclusion, ZIF coating could be realised by direct physical deposition of pre-
synthesised ZIFs, or in situ growth of ZIFs on the substrate. Note that the direct growth
of ZIFs on substrates mainly relies on the formation of chemical bonds at the ZIF-
substrate interface, therefore the substrate must contain compatible metal ions or
functional groups. Using sacrificial substrate, composites with controllable morphologies

and structures could also be obtained.

2.2.2.4.2 Growth on pre-treated supports
Surface pre-functionalisation enables more types of substrates to be coated by ZIFs and
lead to abundant ZIF-based composites and novel ZIF derivatives. For instance, carbon-
based substrates are popular due to their ability to improve the electrical conductivity of
the hybrids, as a result, their thermal derivatives could lead to superior performance in
energy applications. In order to introduce surface functional groups, carbon substrates
need to be chemically oxidised with acids. Using the surface functionalised carbon as
substrate, the in situ growth of ZIFs can be initiated at the organic linkers anchored
functional group sites 2%, or through electric static force between positively charged metal
ions and negatively charged substrate surface 2*°. In situ growth of ZIFs on 1D CNTs 2%
2917 2D carbon cloths 2, graphene oxides (GO) sheets 2** 24, reduced GO ?*%, and 3D
carbon sponge 24% 29529 have all been reported.

Based on the same coordination principle of growing ZIF on acid-treated substrate
mentioned earlier, covalent linker grafting could also meditate the substrate and promote
local heterogeneous nucleation of ZIFs, but with more precise control on the morphology

and structure of the ZIF coating layer. Pokhrel et al. have modified the surface of tubular
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porous a-alumina support with 3-(2-imidazolin-1-yl)propyltriethoxysilane (IPTES) (see
Fig. 2.18) *°’. The IPTES with imidazole end groups could coordinate with Zn** and act
as nucleation sites for the growth of ZIF-8 crystals. The grafting density of IPTES could
control the grain size of the polycrystalline ZIF layers that lower graft density would lead
to the secondary growth of ZIF-8, resulting in a well-intergrow structure. Lately,
Allegretto et al. have synthesised ZIF-8 films on silicon wafers by utilising poly(1-
vinylimidazole) (Pvlm) brushes as 3D primers 2°®. The Si support was first primed with
aminopropyltriethoxysilane (APTES), followed by Br-/iBuBr modification to prepare the
polymerisation site for the Pvim. The grafted Pvim brushes were able to coordinate with
imidazole moieties and are capable of preconcentration of Zn**, which initiated the
heterogeneous nucleation of ZIF-8. ZIF-90 and ZIF-22 have also been reported to be
covalently grafted onto the Si chip 2*° or porous ceramic support 332 via condensation

of imine with APTES decorated surfaces.
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Fig. 2.18 Schematic illustration of the heterogeneous nucleation and crystal growth on the IPTES-
grafted surface. The ligand-analogous surface modifier induces preferential heterogeneous

nucleation and determines the grain size of polycrystalline ZIF-8 membrane *’.

Not surprisingly, surfactants are also widely used to promote in situ coating of ZIFs
296,303,304 Besides directing the growth of ZIF, it is also found that surfactants can protect
the substrate from dissolution during the formation of ZIF 3. Fu and co-workers have
applied non-ionic, anionic and cationic surfactants to synthesise ZIF-8/CNT composites,
respectively *°. SEM images show that different surfactants would affect the size of ZIF
crystals attached to the CNTs. Compared with the acid- and surfactant-functionalised
CNTs, bare CNTs have fewer nucleation sites and therefore led to larger crystals.
Moreover, the use of surfactants could ensure good dispersion of CNTs during the
synthesis 3%4306:307 Reports also show that the surfactants can act as the template for the

308-310

in situ nucleation of hierarchical porous ZIFs , which would bring more dimension

to the ZIF-based composites.
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Interlayer coatings are widely used to modulate the substrate before the growth of
ZIFs. For example, the easily synthesised functional group-rich PDA has been widely
reported as modulating layer. It can stick to many kinds of surfaces by forming strong

311

covalent and noncovalent bonds °'', and the abundant functional groups could chelate

with metal ions to guide the formation of ZIF layers on the previously incompatible
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substrates 2. Substrates such as stainless-steel-nets '3, polypropylene (PP) 3!,
polysulfone (PS) *'*, PEEK 3'® melamine sponge *!7 and porous Al203 '°%3!8 have been
modified by PDA for the in situ growth of ZIFs. Recently, Papurello et al. have reported
a simple in situ growth of ZIF-8 onto a common aluminium substrate by pre-treating the
substrates in dilute HCI to obtain a surface layer of aluminium hydroxychloride 3'°. The
acid-induced surface cationic sites of Al(OH)nCls-n can then bound with MeIM to
facilitate the formation of ZIF-8 nuclei over the Al surface. With subsequent secondary
growth, ZIF-8 crystals were firmly anchored on the acid-induced rough substrate surface.

Zhang et al. have used curli nanofibers (CNFs, major protein components of E. coli
biofilms, also known as adhesive bacterial amyloid nanofibers) as a universal coating to
mediate the nucleating and growth of ZIF on various polymeric substrates 32°. The
hydrophobic amino acid-rich structure empowered CNFs with strong adhesion towards
hydrophobic surfaces, whereas the polar functional groups can provide large numbers of
nucleation sites, contributing to the growth of ZIF-8 layers on the mediated substrates.
Experiment shows that a complete ZIF-8 layer can grow not only on a flat substrate but
also on complex-shaped objects such as tubes, 3D printed pyramid scaffolds and woven
fabric with the assistance of CNF coating, which opens up a new route towards complex
ZIF-based composites and their derivatives.

Recently Li et al. have shown a scalable route to grow a nanometer-thick ZIF layer
on a polymeric substrate 32!, The zinc-ethanolamine gel complex was first coated on the
substrate through a sol-gel process. Then the gel layer was transformed into a continuous
and uniform ZIF-8 layer through ligand vapour deposition in an autoclave. This
transformation can be taken as the coordination reaction between the metal ions in the gel
and the organic linkers. The thickness of the ZIF-8 layer can be manipulated by
controlling the coating time and the sol concentration. A ZIF-8 layer of 87 - 757 nm
coated on the substrate was fabricated in the reported work. Xia and co-workers have later
synthesised a ZIF-8 on anodic aluminium oxide (AAQO) composites by spin coating the

ZIF seeds containing gel on the substrate, followed by an in situ crystallisation step,

revealing the versatility of this gel assisted coating method 3?2, Asynchronous
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crystallisation between the top and bottom of the gel layer results in larger crystals formed
at the top and smaller at the bottom, which is critical to the formation of defect-free ZIF
coating. Moreover, the thickness of the coating can be reduced by decreasing the ZIF
precursors’ concentration in the solution. Therefore, sol-gel coating method holds great
potential for the produce of ZIF-based composites and derivatives, due to its excellent
controllability over the thickness of ZIF coating, the facile and scalable synthesis process
as well as the broad applicability over diverse substrates.

It is worth mentioning that polymers could act as glues to stick ZIF powder on the
substrate physically. As reported by Falcaro and co-workers, ZIF-9 could be coated on Si
wafer with the help of heat softened phenyltriethoxysilane (PhTES) which could provide
a viscous surface for the adhesion of ZIF particles. The deposition and heating steps were
repeated to form layers of ZIF-9 crystals until a dense coating was obtained.
Polyethyleneimine (PEI) has also been reported as the binder between ZIF and porous
alumina support 2.

In conclusion, the incompatible substrates can be modified by acid treatment, linker
grafting, surfactant coating, interlayer coating, gel-assisted in situ formation and polymer
glue adhesion for the surface coating of ZIFs with controllable thickness and morphology.
These composites could open up a new avenue towards complex ZIF-derivatives for

various applications.

2.3 Synthesis of ZIF-derivatives

Using different as-synthesized ZIF-based composites as precursors, various kinds of ZIF-
derivatives with different compositions, morphologies and structures can be generated
via heat treatment. Factors such as heat treatment atmospheres, temperatures, heating
process programme and the extra reactive agents used can affect the composition and
morphology of the derivatives. Both metals and heteroatoms could be incorporated into
the resulting composites through the thermal treatment processes. In general, the
synthesis of ZIF-derivatives can be realised via heat treatments in different gas
atmosphere, including under protective atmosphere, in reactive atmosphere and in volatile
reactant containing atmosphere, which were summarised in Fig. 2.19 and

comprehensively discussed below.
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Fig. 2.19 Methods for the preparation of ZIF-derivatives in different gas atmospheres.

2.3.1 Inert Atmosphere

Heat treatment of ZIFs-based composites in inert atmospheres such as argon or nitrogen
is one of the most basic operations to obtain carbon-based ZIF-derivatives. Based on TGA
study under inert gas, ZIFs would decompose at around 450-600°C 3?4325 Therefore, by
fine control over the pyrolysis temperature, the composition of the derivatives can be

precisely controlled.
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Fig. 2.20 Schematic diagram of the partial carbonisation and formation of the carbon-rich layer

on the outermost surface of ZIF-8. 32

For instance, the organic part of the framework can be partially or fully carbonised

depending on the heat treatment temperature used. Tanaka et al. has demonstrated that
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ZIF-8 can be partially carbonised at 550°C 3?® (see Fig. 2.20). The outmost carbonised
layer could prevent the ZIF-8 from hydrolysis in water and improve the hydrothermal
stability of the crystals, whereas the sample heat treated at 450°C in Ar showed no
significant change compared with pristine ZIF-8, even if the colour of the sample changed
from white to brown. When the heat treatment temperature reaches 650°C, the structure
of ZIF collapses and the organic linker in ZIF is fully carbonised, as shown by the PXRD
result. However, research has also shown that ZIF could undergo fractional
decomposition at 200, 250 and 300°C with long heat-treatment time under the inert
atmosphere *?°. For the fully carbonised framework, the degree of graphitisation could be
controlled by the kind of metal centre and the pyrolysis temperature. Report shows that
organic linkers around zinc ions tend to form amorphous carbon, whereas those around
cobalt ions tend to form graphitic carbon due to the catalytic graphitisation effect of cobalt
nanoparticles 2* 327, Therefore, with the pyrolysis temperature unchanged, the degree of
graphitisation could be adjusted by changing the Co/Zn ratio in the bimetallic ZIF. In
addition, the level of graphitisation for carbon is also closely correlated to the pyrolysis
temperature 2% 329,

Furthermore, the N-containing organic linkers can result in N-doped carbon
matrices with abundant catalytic active sites under inert atmosphere. The amount of N
element and N species could be controlled by the pyrolysis temperature. Chao et al. have
pyrolysed ZIF-8 under N2 flow at four different temperatures (range from 600 to 1100
°C).3%% According to the XPS results, the total amount of N decreased from 20.47% to
2.78% as temperature increased. Meanwhile, the amount of pyridinic N and pyrrolic N
decreased, leading to an increase in the relative percentage of quaternary N at high
temperatures. Research also suggested that the increased carbonisation temperature
results in the transition of pyridinic N to pyrrolic N and quaternary/oxidised N.33!

Moreover, the metal ions in the framework can be turned into metal**> *33, metal

334-336 56, 337

oxide , metal carbide or metal nitride?’, depending on the nature of metal
species and the processing temperature. Generally, metal or metal oxide can be obtained
at relative low pyrolysis temperatures, whereas metal nitride and carbide can only be
obtained at higher temperatures. For instance, Chen et al. have calcined the pristine ZIF-
67 at various temperatures (600-2000 °C)**, in which cobalt was formed at temperatures
below 1200 °C, while cobalt carbide was formed at temperatures above 1600 °C.
Interestingly, Lou’s group has also reported the synthesis of MxC (M=Mo, W) confined

in nitrogen-doped porous carbon by heat-treating the MO4> substituted ZIF-8 at relatively
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low temperature (800 °C) in N2 atmosphere.’® Different phases of molybdenum or
tungsten carbide could be obtained by adjusting the amount of precursor used during the
substitution reaction.

In the case of Zn-based ZIFs, zinc carbides cannot be obtained at high pyrolysis
temperatures. The reason is that the Zn ions will first be converted into ZnO at low

temperature 33433

, which will be further reduced to Zn metal by the carbon generated
from the organic ligand at higher temperature. The Zn metal will start to evaporate when
the temperature reaches its boiling point of 907 °C, leaving a porous carbon behind 3!
338 This is also true for the ZIF-derived metal nitride-carbon composites. Lai et al. found
that CoNs species derived from bimetallic CoZn-ZIF could be formed only when the
appropriate amount of Co element was in the parental ZIFs, and the calcination
temperature should be above 1000 °C %’. In addition, Co NPs were formed with Co/Zn
ratio above 9/91, and only well-dispersed Co single atoms (SAs) were formed with Co/Zn
ratio less than 5/95. The bimetallic ZIF was first converted into N-doped carbon
accompanied by the release of NHs from the decomposition of ZIF. The macropores
resulting from the evaporation of Zn at high temperatures enable the contact between the
exhaust NH3 and the derived Co NPs, which promote the generation of CoN3 species.

It is worth noting that when guest species are present inside the ZIF, the structure
of ZIF can be preserved at low heat-treatment temperature while the guest species can
undergo some desired change. For example, furfuryl alcohol (FA) that has been
introduced into the cages of ZIFs via impregnation could be in situ polymerised within
the pores by heating the FA@ZIFs composites at 80 °C under inert gas flow. The
polymerised furfuryl alcohol (PFA) is immobilised in the framework without changing
the crystallinity of ZIFs !*!-132. Wang et al. have reported the synthesis of carbon nanodots
(CNDs) containing ZIF-8 by simply calcining the as-obtained undried ZIF-8 at 200 °C
3% Free organic ligand was carbonized into CNDs while ZIF-8 structure remained

untouched, resulting in a tuneable luminescence of the hybrid.

2.3.2 Reactive atmosphere

By heat treatment of ZIFs and ZIF-based composites in a reactive atmosphere, desired
elements and compositions can be introduced to or removed from the ZIFs or ZIF-based
composites, offering an alternative avenue towards rich and diverse ZIFs-derivatives.
Reductive atmosphere such as Hz, NH3, H2S and oxidative atmosphere including Oz and

H2O0 are typical reactive atmospheres and will be discussed in this section.
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2.3.2.1 Hydrogen atmosphere

Hydrogen is a type of reductive atmosphere that could remove oxygen from the carbon
matrix and reduce metal oxide to pure metal during the heat treatment of ZIFs 21340 Tt
is usually used in a mixed gas system with inert gas flow, which results in carbon-based
composites. Therefore, the process is sometimes referred as reductive carbonisation.
Wang et al. heat-treated ZIF-8 under Ha/Ar atmosphere at different temperatures (700-
1000 °C) and compared the resulting composites with those obtained under Ar and N2
atmosphere (see Fig. 2.21) **!. The results show that Zn species were reduced to Zn metal
by Hz, which evaporated at high temperatures; meanwhile, the carbothermal reduction
reaction between zinc and carbon matrix were inhibited, consequently, the composites
reduced by Ha show better-preserved carbon skeleton without shrinkage or structure
collapse, resulting in higher surface area, larger pore volume and lower oxygen content
than its counterpart obtained in pure inert atmospheres. Wu et al. reported that heat
treatment of ZIFs with hydrogen could be used to reduce the guest species in ZIFs and
keep the 3D framework partially intact 4. In specific, pristine ZIF-67 was first soaked in
a Pd(NO3)2 acetone solution overnight, then the composite was subject to heat-treatment
in H2 atmosphere for 2 h at low temperature (150-350 °C). The obtained product was a
partially decomposed ZIF-67 with Pd nanoparticles on it.

C-MOF
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Fig. 2.21 Illustration of the processes and mechanism for the preparation of three-dimensional

nitrogen-doped porous carbon from ZIF-8 under Hy/Ar atmosphere **'.

On the other hand, H2 plays a vital role in the chemical vapour deposition synthesis
of carbon nanotubes (CNTs). Research shows that the fraction of H2 could affect the
length, diameter, crystallinity and morphology of CNTs 343346, Therefore, with the

347,348 and the carbon source

catalytic effect from the transition metal nanoparticles
provided by the organic linkers of ZIFs, composites contain CNTs could be easily
produced from ZIFs and ZIF-based composites in the presence of Hz. Yin et al.
synthesised porous carbon nanotube/cobalt nanoparticle composites by in situ pyrolysis

of ZIF-67 in 5% Ha/Ar **. Due to the incomplete pyrolysis of ZIF at 500 °C, only small
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CNT clusters were formed on the surface of the particles. Higher pyrolysis temperature
at 700°C led to the aggregation of Co NPs and the formation of denser CNTs with larger
diameters and longer lengths. SEM and TEM images showed that both products obtained
at 500 and 700 °C had a hollow structure, whereas the one fabricated at 900 °C showed a
solid structure with large aggregated Co NPs. These large Co NPs result in fewer CNTs
with larger diameters up to 40 nm. The observation suggested that the void was originated
from the catalysed growth of CNTs. Xia et al. demonstrated that with increased fraction
of Hz (10%), small Co NPs were formed, which immediately catalysed the growths of
CNTs, resulting in the hollow structure at 900 °C 3*°,

2.3.2.2 Ammonia atmosphere

It was reported that treating activated carbon with NH3 at high temperature will partially
gasify carbon through reaction with free radicals created from the decomposition of
ammonia, leading to the increase in specific surface area and pore volume in the
micropore range 3°!-*32, Moreover, ammonia treatment can increase the surface nitrogen
content of carbon by reacting with surface oxide to form nitrogen-containing functional
group *>*3% and improve the proportion of pyridine N in carbon 3%¢. Both phenomena
have also been observed in ZIFs derived carbon that obtained by heat treatment in NH3.
For instance, Ge et al. synthesised a ZIF-8/CNT composite and treated it in Ar at 1000
°C, followed by cooled down to 800°C and treated it at this temperature in 10 vol% NH3

atmosphere %’

. The as-obtained composite, N-ZCNT, showed no difference in
morphology from the sample treated in pure Ar. However, the total nitrogen content
increased with more graphitic N and pyridinic N compared with the sample without
ammonia treatment. Tran et al. found that NH3 heat treatment at 900 °C could enhance
the specific surface area and pore volume of the Fe(acac)s; decorated ZIF-8 derived carbon
composites >3, The amount of nitrogen content and the degree of graphitisation increased
as well. The synergetic contribution of Fe-Nx-C species and pyridinic N have led to a
superb ORR activity.

On the other hand, thermal treatment in NH3 could lead to the formation of metal
nitride. Strickland et al. reported the observation of iron nitrides by heat-treating FePhen
modified ZIF-8 under NH3 at 1050 °C. Lai et al. reported the control synthesis of CoN3
embedded in graphitic carbon via in situ pyrolysis of Co/Zn-ZIF-67 (discussed in section
2.3.1?7), which also suggested the formation of cobalt nitride via proper NH3 treatment.

Recently, progress in single-atom catalyst has been reported by Li’s group through

an NHs-assisted gas-transport strategy (see Fig. 2.22) 3°. At high temperature, the flow
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of strongly coordinating NH3 would react with the superficial atoms from the Cu foam,
dragging out volatile Cu(NH3)x species. The volatile species were then trapped by the
defects in the ZIF-8 derived defects-rich nitrogen-doped carbon support, resulting in the
isolated Cu-SAs/N-C catalysts. In a typical synthesis, copper foam and ZIF-8 were placed
in a porcelain boat separately; and the furnace was heated to high temperature (such as
900 °C) first under Ar atmosphere followed by in ammonia atmosphere. A series of M-
SAs/N-C (M=Co or Ni) have been successfully synthesised, marking the generalisation
of this gas-migration strategy.
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Fig. 2.22 Schematic diagram of the reaction mechanism of Cu-SAs/N-C **,

2.3.2.3 Hydrogen sulfide atmosphere

HaS gas is commonly used in the chemical vapour deposition (CVD) process as a reactive
gas that not only introduce S element into the materials, but also provide reductive
reactive atmosphere. It is also used in the chemical vapour infiltration (CVI) process of
porous materials such as ZIFs and their composites, to produce transition metal sulphides
(TMSs)/S-doped porous carbon heterostructure nanocomposites. Compared with
conventional dry mixing, solution impregnation or in situ encapsulation with sulphur
containing chemicals (such as pure sulphur %, thioacetamide (TAA) 2! 3% and thiourea
%) before carbonization, CVI method has simplified the process into one step. The
controlled sulfurization could be realized by simply adjusting the flow rate, H2S/inert gas
ratio, reaction time and heating temperature.

Park et al. reported a comparison synthesis of MoS2 nanosheets using H2S gas or S
powder as sulfurization agent *°'. It was found that the number of defects and vacancies
on the nanosheet of MoS2 was closely related to the sulfurization agent used. This might
be because sulphur powder only vaporised at temperatures above 200 °C, and the Ss
crown ring structure of the vaporised S would lead to inhomogeneous sulfurization. In
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contrast, H2S gas has a low decomposition energy and simple molecular structure which
is easy to diffuse and more feasible for the homogeneous reaction.

Chen et al. have synthesised Ni-ZIF-67 derived Ni-Co based sulphide embedded N,
S co-doped porous carbon **? and Huang et al. have synthesised phosphotungstic acid
(PTA)@ZIF-67 derived WS2/Co1xS embedded N, S co-doped porous carbon *% by one-
step sulfurization and carbonization. It was found that sulphur would be deposited on the
composite surface when excess amount of H2S was introduced or the total gas flow rate
was too slow. Therefore, H2S flow was only introduced into the tube furnace at the target
temperature and was stopped while the samples were cooling down naturally under Ar
flow. Elemental mapping indicated that the S element distributed evenly throughout the
porous carbon matrix, which is beneficial for catalytic applications. It was also found that
with a short sulfurization duration (20 min), amorphous metal sulphide NPs that were not
completely crystallised were formed. In contrast, with long sulfurization duration (> 1 h),

no visible difference in the composition of the nanoparticles was observed %4,

2.3.2.4 Oxidative atmosphere

Treating ZIFs and ZIF-based composites in the air is the most commonly used method to
eliminate volatile elements such as C, N and H, whereby porous metal oxide
nanostructures with wide applications can be formed. Generally, the calcination
temperature needs to be less than 500 °C in order to prevent severe sintering of the metal
oxide particles and ensure interconnected porosity, which is favourable for target
applications. Composites such as C0304/ZnC0204 2, ZnO/CuO 2!, NiC0o20s@NiO
nanocage 2**, C0304/CoMo04 *% and C0304/Si02 2*! was obtained by calcination of ZIF
and ZIF-based composites in air atmosphere. Generally speaking, elevated pyrolysis
temperature will increase the diameter of metal oxide particles and decrease the BET
surface area and pore volume. Using appropriate ZIF-based composites, derivatives with
desired compositions and structures could be obtained. For example, Lan et al. oxidised
polyoxometalate (POM)@ZIF-67 at 350 °C under air flow °!, in which the ZIF was
oxidised to Co304 but the POM molecules were preserved and contributed to the
photocatalytic activity of the final composite.

Carbon will burn off at high temperatures in ambient atmosphere. However, carbon
matrix can be partially preserved under mild oxidisation conditions, resulting in porous
metal oxide/carbon composite. Yi et al. demonstrated the synthesis of NC (nitrogen-
doped porous carbon)@Co304/NC by carbonising ZIF-8@ZIF-67 composite under
Argon flow at 700 °C for 3 h, followed by gentle oxidisation in air at 350 °C for 1 h.
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However, directly exposing ZIFs to air is not promising to synthesise metal oxide/carbon
composite with controlled oxidation level. The way the sample is packed and the set-up
of the furnace can both affect the composition of the final product. In some researches,
heating ZIF in air at 350 °C would lead to deplete of all carbon species '?!+3%,

In order to gain more control over the oxidisation level of carbon, a mixed (or
controlled) gas approach was applied. Typically, small amount of oxidative gas was
mixed with an inert gas to provide a weak oxidation environment. Oxygen-containing
functional groups could be introduced on the carbons at high temperature. Both heating
time and the amount of reactive gas would affect the amount of final volatile species and
the form of metal in the product, resulting in evenly dispersed functional metal
oxide/porous carbon composites. Chen et al. have demonstrated one-step synthesis of
atomically homogeneous dispersed ZnO/N-doped porous carbon composites via
pyrolysis under water-steam *°’. Specifically, pristine ZIF-8 was heated in a flow-through
quartz tube under Ar flow which was replaced by Ar/water vapour (Ar/H20) flow when
the temperature reached target temperature. Unlike the control sample that was obtained
via annealing in air under the same conditions, samples with ZnO paritcles homogeneous
embedded in N-doped nanoporous carbon was obtained in Ar/H20 atmosphere. The
resulting composite showed higher surface area and pore volume than the sample
pyrolysised under the same conditions in Ar. The surface area and pore volume can be
further increased by using the Ar/H20 atmosphere from the beginning of the heating-up
stage. Moreover, abundant oxygen-containing hydrophilic functional groups have been
introduced into the carbon matrix via the water-steam treatment, facilitating the
photodegradation performance and COz adsorption of the composites. The same research
group has recently further investigated the visible light photocatalytic hydrogen evolution
reaction of the ZIF-8 derived ZnO/C nanocomposites obtained under water-steam
atmosphere and the nanocomposites derived from other MOFs %3, The results suggested
that the nano-sized ZnO particles (sizes less than 10 nm) derived from ZIF-8 were doped
by C and N atoms and therefore showed larger lattice spacings and narrower energy band
gaps compared with bulk ZnO. Moreover, the porous carbon matrix was crucial to
facilitate the charge transfer and prevent the charge recombination; therefore, samples
without carbon matrix exhibited a much deteriorated photocatalytic performance towards
hydrogen evolution reaction. Besides Ar/H20, mild oxidisation could also be realised by

mixing a small amount of oxygen with inert gas ¢%-370-37!,
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2.3.3 Chemical vapour infiltration with volatile reactant

Different from the aforementioned gas-assisted heat treatment, the gas-phase infiltration,
which involves extra volatile reactants, can introduce guest molecules to boost the
number of elements introduced to the ZIF and ZIF-derivatives during heat treatment.
chemical vapour infiltration (CVI), also named vaporisation and infiltration or
sublimation and infiltration depending on the context, is a subclass of chemical vapour
deposition (CVD), specifically referring to the modification of porous materials.

In a typical operation, a chemical that contains the desired elements can be

372 73

physically mixed with ZIFs 372, or placed separately with ZIFs inside the tube furnace 7.
The chemical can be liquid or solid *7*:374, which will vaporise or sublime during the heat
treatment process. Usually, an inert carrier gas is continuously fed into the tube, which
will protect the ZIFs from unwanted reaction and bring the volatile species in contact with
ZIFs for the intended reaction. Treating both ZIFs and the precursors in vacuum to
encourage gas-phase infiltration at relatively low temperatures is also very common '
375, Depending on the temperature used, the hosting ZIFs can retain their structure intact
or can be carbonised and functionalised simultaneously. Both metal and non-metal

elements can be introduced by this method.

2.3.3.1 Non-metal volatile reactant

Instead of using H2S gas, ZIFs can also be sulphurized by CVI method. For example,
Razzaq et al. demonstrated the sublime-infiltrate synthesis of CoS2-SPAN-CNT by
placing sulphur at upstream during the pyrolysis of ZIF-67@PAN-CNT under N2 flow
373 Sulphur with 10 times weight than the ZIF-67@PAN-CNT was used to ensure the
complete sulphurization. The temperature was first set to 155 °C for sulphur
encapsulation, then was increased to 400 °C to realise the carbonisation and
sulphurization of the composite. Feng et al. synthesised CoS: nanosheets via
mechanically pre-mixing sulphur with ZIF-67 nanosheets before calcination 37°. It is
worth mentioning that compared with in situ inclusion of S NPs, mechanically mixing
sulphur with ZIF would lead to the presence of large sulphur particles outside the host
after sublime-infiltration at 300 °C for 7 h under vacuum (see Fig. 2.23) %5, which
suggests that it is vital to control the amount of volatile sulphur introduced into the
system. Moreover, a carrier gas would be necessary for the introduction of the volatile
species and the removal of excess unreacted S. Besides mixing ZIFs with sulphur or

placing sulphur upstream during the pyrolysis, Zeng et al. has also reported a vapour
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infiltration sulphurization of ZIF-67 by flowing N2 gas through an upstream wash bottle
which contains ethanethiol/ethanol solution. The ethanethiol will decompose to H2S gas
at temperature above 325°C 3’*. Moreover, thiourea, ammonium thiocyanate, thiophene
and thioacetamide have also been reported as S sources to synthesise composites such as
CoNx/CoSx containing Co NPs encapsulated N/S-doped conductive carbon matrix from
ZIFs *"7. Similarly, phosphorisation, selenisation and tellurisation of ZIFs and ZIF-based
50,360,378 e nowder 37380.183,

composites have also been realised by CVI using NaH2PO2

and Te powder *! as volatile reactant respectively.
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Fig. 2.23 Schematic illustration of the synthesis procedures of S/ZIF-67, S/Z-CoS, and S/H-CoS,
155

2.3.3.2 Metal volatile reactant

This approach is applicable for both non-metal and metal elements. In the ammonia-
assisted gas-transport strategy mentioned in section 2.3.2.2, Cu single atoms from a
separate Cu foam were infiltrated into the downstream ZIF-derivatives *%°. Other
transitional metal elements have also been introduced by CVI method. Usually, the metal
precursor is a volatile organometallic compound. Depending on the boiling point,
handling certain organometallic compounds could be messy, and controlling
experimental temperature and atmosphere is required. Due to this peculiarity, high-
temperature heat treatment is not always necessary for the gas phase infiltration of the
precursor molecules, and those as-obtained unstable composites frequently need to be
stored under inert gas at low temperature, or immediately subject to further heat treatment
to obtain stable ZIF-derivatives 37! 32 Volatile metal compound such as nickelocene
(Ni(cp)2) ¥73, ferrocene (Fe(CsHs)2) **3 and diethylzinc (Zn(C2Hs)2) 37! have been reported
for the preparation of ZIF-derivatives by CVI method.

Besides transitional metal, post-transitional metal such as gallium has also been
introduced via the vaporisation and infiltration method. Instead of elemental gallium, the

infiltration of organometallic gallium compound into cavities of ZIF-8 was reported by
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382 which was realised by placing activated ZF-8 and trimethylamine

Fischer’s group
gallane ((CH3)3:NGaH3) in a glass vial under vacuum at 0 °C for 7 days until saturated
loading level was achieved. Intermediate (H2GaNH2)3@ZIF-8 was obtained by heating
the as-made [(CH3)3NGaH3)|@ZIF-8 in ammonia gas at 50 °C, while GaN@ZIF-8 with
GaN quantum dots of 1-3 nm was formed by annealing the intermediate composite under
3 bar ammonia at 150°C, followed by further heating treatment in dynamic vacuum at
200 °C

Similarly, precious metals can be infiltrated into ZIF via the same method.
Zahmakiran et al. synthesised IrNPs@ZIF-8 with Ir(COD)(MeCp) and activated ZIF-8
as precursors %%, The infiltration took place at 40 °C under static vacuum for 18 h,
resulting in 1.5 wt% loading of Ir in the as-made Ir(COD)(MeCp)@ZIF-8 composite.
Then IrNPs@ZIF-8 was obtained via hydrogenolysis in 10% H2/N2 at 300 °C with Ir NPs
of 3.3 £ 1.7 nm in size. The Ir NPs were found to be anchored close to the surface of ZIF
crystals. In addition, Zhang et al. reported the CVI synthesis of PA@ZIF-8 with volatile
cyclopentadienyl allyl palladium (Pd(C3Hs)(CsHs)) as Pd precursor 3*°. The obtained Pd
NPs of 1.5-3.5 nm in size are found to be homogeneously distributed on the ZIF-8
support. Some particles with size larger than 10 nm were also observed. Both reports
reveal that even with the linker rotation induced gate expansion effect 386387 it is still
impossible to infiltrate precursors that are larger than the aperture size of the ZIF cages.

In conclusion, CVI is a versatile method to introduce different elements into ZIF
and its composites. Deficiencies of solution impregnation could be avoided by carefully
tuning experiment conditions and proper selection of volatile precursors. The introduction
of non-metallic elements has been widely reported, whereas the introduction of metallic
species has been relatively rare due to the technical difficulties in handling and storage of
the special organometallic compounds and the use of special apparatus. Nevertheless, this
method holds great potential toward delicate ZIF-derived composites for highly active

catalytic applications.

2.4 Application of the ZIF-derivatives in water splitting

The fast-growing world energy consumption has pushed the development of alternative
sustainable energy sources. Due to the high-energy density and zero-pollution, hydrogen
is one of the most promising sustainable energy alternatives. On account of the carbon
neutrality target by 2050, green hydrogen produced from water splitting via electrolyser

driven by renewable electricity is of great interest *%3°!. However, the efficiency of the
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electrolyser is one of the bottlenecks toward mature commercial application. Moreover,
the current benchmark electrocatalysts for the cathodic hydrogen evolution reaction
(HER) and anodic oxygen evolution reaction (OER) are Pt and IrO2/RuQO2 respectively
392 but both involve noble metals, which is also undesirable for commercial applications.
Therefore, developing cost-effective transition-metal-based electrocatalysts is highly
desirable, among which ZIF-based composite derived catalysts have attracted great

interest.

2.4.1 Fundamental and mechanism of HER and OER
2.4.1.1 HER

HER is the cathodic half-reaction of electrochemical water splitting, which is a two-
electron transfer process consisting of three reaction steps (i.e. adsorption Volmer step,
reduction Heyrovsky step and desorption Tafel step) and with two possible reaction
pathways (i.e. Volmer-Heyrovsky process and Volmer-Tafel mechanism) for the
generation of Hz that happened on the surface of an electrode ***. The overall reaction and
elementary steps of HER in acidic electrolyte and alkaline electrolyte are shown in Table
2.1.

Table 2.1 The overall reaction and elementary steps of HER in acidic electrolyte and alkaline

electrolyte *%.
In Acidic electrolyte In Alkaline electrolyte
verall
Overa « +2H + 2" > H, + +2H,0 + 2e~ > H, + 20H"
reaction
Volmer step: * + HY + e~ > xH Volmer step: x + H,0 + e~ -+ H + OH™

Elementary | Heyrovsky step: * H + H* + e~ =« + H, | Heyrovsky step: + H + H,0 + e~ —>* + H, + OH™

steps
Tafel step: 2+ H — 2%+ H, Tafel step: 2+ H — 2+ H,

Where * denotes active site on the surface of an electrocatalyst.

HER is highly depending on the pH of the reaction environment. Volmer step in
alkaline media requires the breaking of water molecules before adsorbing hydrogen
atoms, which is more difficult than reducing the hydronium cation in acidic media **.
Therefore, HER in alkaline electrolyte is usually worse than in acidic electrolyte. After
the Volmer reaction, adsorbed hydrogen is then combined to form H2 via Heyrovsky or
Tafel step. The pathways strongly depend on the inherent electronic and chemical
properties of the electrode surface.

The ability of the catalyst to absorb and desorb the hydrogen intermediate (H™) is

vital to the rate-determining of the reaction. Theoretical calculated Gibbs free energy for
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hydrogen adsorption (AGy+) on a catalyst surface is a great activity descriptor for the HER
reaction in acidic media. Usually, AGy+ < 0 indicates a strong hydrogen adsorption,
which may lead to blockage of the active site and fail to evolve hydrogen; As a result, the
desorption step will be the rate-determining step (rds); whereas AGy+ > 0 indicates a
weak hydrogen adsorption, which may lead to difficulty in capturing the intermediate and
hence unable to start the reaction, so the Volmer step is the rds of HER. By plotting the
exchange current densities vs AGy+, a volcano-shaped plot was obtained (see Fig. 2.24)
393 Metals situated at the peak of the volcano will have close to zero AGy+ and the highest
activity possible. However, for HER in alkaline media, the validity of AGy+ as activity

descriptor remains debatable as the reaction involves dissociation of water molecule and

with OH" as intermediate 3%.
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Fig. 2.24 A volcano plot of the experimentally measured exchange current density as a function
of the DFT-calculated Gibbs free energy of adsorbed atomic hydrogen. The simple kinetic model

to explain the origin of the volcano plot is shown by the solid line **°.

The equilibrium potential of HER is 0 V vs standard hydrogen electrode (SHE).
Parameters such as onset potential, potential to achieve current density of 10 mA c¢cm™
(n10) and Tafel slope are usually used to determine the activity of HER electrocatalysts,

and are acquired from the polarisation curve of the catalyst.

2.4.1.2 OER
OER is the anodic half-reaction of electrochemical water splitting. It is a four-electrode
transfer process with more complicated multistep reactions. The reaction can take place

in both acidic and alkaline conditions, and the reaction mechanisms are shown in Table

2.23%7,
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Table 2.2 The overall reaction and elementary steps of OER in acidic electrolyte and alkaline

electrolyte **’.
In Acidic electrolyte In Alkaline electrolyte
Overall 2H,0 — 0, + 4H* + 4e- 40H™ - 0, + 2H,0 + 4e-
reaction
* +H,0 >x0OH+ HT + e~ * +OH” - +0H + e~
., - _ _
Elementary *OH -0+ H" + e *OH + OH™ - *0 +H,0 + ¢
steps H,0++%0 >+ 00H + H" + e~ *0 + OH™ >+ 00H + e~
*xO00H - % +0,+ H" + e~ *O0H + OH™ -»* +0, +H,0 + e~

Where * denotes active site on the surface of an electrocatalyst.

Unlike HER, OER is more favourable in alkaline media due to the abundant
hydroxyl groups in the electrolyte. However, because proton exchange membrane (PEM)
water electrolysers based on acidic media show more advantages than alkaline water
electrolysers, OER in acidic media has become more attractive than in alkaline media and
is desirable for industrial application 3%8. For acidic OER, the break of O-H bond in H20
molecules requires higher energy, therefore leading to less favourable reaction kinetics.

The equilibrium potential of OER is 1.23 V vs. SHE, which is also the theoretical
thermodynamic voltage for the overall water splitting to proceed. The sluggish kinetics
of the OER leads to the bottleneck of the overall water splitting, and commercial water
splitting usually has a working voltage of 1.8-2.0 V . Similar to HER, parameters like
onset potential, 1o, and Tafel slope are frequently used to evaluate the activities of the

OER electrocatalyst.
2.4.2 ZIF-derivatives for HER and OER
2.4.2.1 HER

Good HER electrocatalysts can readily reduce the applied voltage for the H2 molecular
evolution and increase the amount of hydrogen generated per unit time. Both heteroatom
and metal doped ZIF derivatives have been reported to improve the HER activity 0% 401,
For example, Zhou et al. reported ZIF-derived HER electrocatalysts via W, Cr, Mo or Ce-
doping ?'. Both experimental and theoretical results show that metal-doping can tune the
electron distribution between metallic Co and N-doped carbon of the Co@N-C systems,
reducing the adsorption free energies of H2O and H on the Co-Nx active sites and

consequently improving the charge transfer and enhancing the intrinsic HER activity of

the ZIF-derived catalysts. Moreover, nitrogen in the organic linkers of ZIFs can result in
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N-doped carbon after pyrolysis, which offers abundant non-metallic active sites and
further improves the electrochemistry activity 4%,

With a great variety of elements that ZIF-based composites can offer, HER
favourable heterostructures can be obtained. The complex interface is the key to enhance
HER performance. For example, Wu et al. synthesised ZIF-derivatives with Co@CoO
Mott—Schottky heterojunctions anchored on graphene. DFT calculations elucidate that
the contact of Co and CoO can induce a band bending between the conduction and the
valence bands in CoO, leading to electrons being transferred to CoO at the heterointerface
402 This electron redistribution constructs a built-in electric field for a continuous electron
transfer path, making it close to the reduction potential of H intermediate. Moreover, the
heterointerfaces enable the O-enriched sites on the surface of CoO to be the trapping sites
for water dissociation, therefore boosting HER performance. ZIF-derived heterojunctions
such as Co0304/RuO2 *3, Co(PO3)2/MoS:2 4%, Co/CoP #%, WC/Co3W3N/Co %, and
Co2P/CoP 7 with improved HER performance have been reported.

ZIF-based composites are very efficient precursors for the preparation of
nanostructured derivatives with highly accessible active site density due to their
interconnected pores and homogeneous metal-containing ordered frameworks. In detail,
the organic linkers could be readily transformed into porous carbon matrix, which could

408

improve the electron conductivity of the ZIF-derived hybrids **°, effectively prevent the

aggregation of metal species during pyrolysis “?°, and allow easy mass transports during

10

the electrochemical process #'°, which are all favourable for the HER application.

409 411

Heterogeneous catalysts containing single atomic sites , quantum dots ,

42 obtained from ZIF-based composite precursors have

nanoparticles, or nanosheets
been reported, which show outstanding improvement in HER.

The morphology of the ZIF-derivatives plays a vital role in achieving high
electrocatalytic activity. By incorporating ZIFs with high dimension structures such as
2D nanofibers *'* and 3D foams #!4; or by forming architectures such as hollow nanocages
45" nano arrays *°, and ordered macroporous superstructure *'’, hierarchical
nanostructured composites could be obtained. By doing so, surface area of such
hierarchical nanostructured composites can be increased, and the accessibility of active
sites can be optimised. Due to the shortened mass-transportation pathways, the fast charge
transferability, and the resulting intended HER active compositions can synergistically

contribute to the enhanced HER performance.
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2.4.2.2 OER

Similar to ZIF-derivatives for HER applications, N-doped carbon derived from ZIFs can
facilitate the OER performance by modulating the electronic structure of the carbon
matrix 1% 4% For example, Wang et al. reported a controllable N-doping strategy to
synthesise N-doped Co30s NPs/N-doped carbon framework strongly coupled porous
nanocubes (N-Co304@NC) from ZIF-67 “?°. Synchrotron X-ray absorption fine structure
(XAFS), XPS and electron spin resonance (ESR) analyses indicate that oxygen vacancies
were formed in the Co3O4 by N-doping, which is believed to optimise the electronic
configuration and contribute to the excellent electrocatalysts for water oxidation. DFT
calculation reveals that N-doping in N-Co304 could improve the catalytic activity by
optimising the intermediate adsorption energy, improving electronic conductivity and
accelerating reaction kinetics. Reports also show that the OER activities can be improved
by introducing other heteroatoms e.g. O, S, P, N 421423,

Furthermore, the composition engineering via metal-doping could also improve the
OER performance of the ZIF-derivatives. For example, Gu et al. have lately reported a
ZIF-FeCo MOFs derived FeCo fluoride N-doped carbon nanocomposite with surface
oxidation (ZIF-FeCo-F) as efficient OER catalyst *!°. By comparing it with the single
metal containing catalysts ZIF-Fe-F and ZIF-Co-F, the authors conclude that the
enhanced OER performance is ascribed to the synergistic effect of Fe and Co. In specific,
the strong electronegativity of F leads to the formation of highly polarised Metal-F bonds,
modulating the neighbouring electron environment and generating unsaturated sites as
the active sites for the OER reaction. In addition, fluorination results in the etching of the
material, inducing a high electrochemical surface area with more exposed active sites.
Other ZIF-derived metal-doped composites such as carbon decorated Mn-doped
cobaltites ***, Mo anchored N-doped carbon “?°, Fe-doped nickel-cobalt sulfide
composites 22, Ce-doped spinel-type cobalt oxide *?°, trimetallic (W/Co/Fe) carbon

428 and iron-

nanoflakes **’, N-doped carbon-coated cobalt-cobalt molybdenum carbide
cobalt bimetallic phosphide carbon composites *** have also been reported and shown
excellent OER performance.

It is worth noting that many transition metal oxide catalysts undergo near-surface
self-reconstruction during the OER process, and the resulting new phase is the true active
sites for OER #?* ¥%  This surface transformation is limited by the penetration of
electrolytes and the exposure of reactive sites, therefore largely depends on the surface

area of the catalysts. In this respect, nanostructuring is a great way to improve the
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proportion of the surface transformation layer and hence the OER activity. Naveen et al.
have recently synthesised nanostructured porous ZnC0204 (P-ZnCo0204) from a bimetallic
ZIF and investigated the effect of nanostructuring *!. Compared with bulk ZnC0204 (B-
ZnCo0204) and single metal oxide P-C0304, P-ZnCo0204 shows dramatic improvement in
OER activity. Raman spectrum reveals that the OER active CoOOH phase was formed
after electrolysis of the P-ZnCo0204, and the extent of the surface reconstruction process
was much higher in P-ZnCo020a.

Besides tuning the chemical composition, another key to improve the intrinsic OER

activity is by sculpting the ZIF derivatives with 3D architectures, such as nanoflower ***

432 433 43

, hanocapsules and hierarchical porous structure **4 which can facilitate the
exposure of more accessible active sites and improve the mass transport ability of the
catalyst. The synergistic effect of the composition and morphology of the hybrid can also
boosts OER performance. For example, Huang et al. have designed a yolk-shell structure
of Fe203 nanotube@hollow Co9Ss nanocage@Carbon shell using Fe203 nanotube@ZIF-

67 core-shell structure as the precursor +*°.

The outstanding OER performance is the
synergistic coordination of different merits. First, the yolk-shell structure enables easy
access to active sites and the Fe20O3 nanotube increases channels for gas spillage during
the OER, which are conducive to good reaction stability. Second, the well-dispersed
Co9Ss also improves the electrical conductivity of the composite and provides active sites
for OER. Third, the porous carbon enhances the electrical conductivity of the material
and allows the electrolyte to penetrate, thereby shortening the diffusion path of the

intermediate and accelerating the reaction kinetics.
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Chapter 3 Experimental methodology

3.1 Introduction

All synthesis and characterisation methodology for this research work is presented in this
chapter. Three sets of samples were synthesised, corresponding to the samples in Chapter

4-6.
3.2 Synthesis of PTA@ZIF-67 and carbon-based

derivatives

3.2.1 Chemicals

2-Methylimidazole (99%, abbreviated as MeIM), Cobalt nitrate hexahydrate
(Co(NOs3)2-6H20) and Phosphotungstic acid hydrate (H3PW12040-xH20, abbreviated as
PTA) were bought from Sigma-Aldrich and used without further purification.

3.2.2 Sample preparation

3.2.2.1 Preparation of ZIF-67

ZIF-67 was synthesised by the hydrothermal method in an aqueous solution. 1.125 g
Co(NO3)2:6H20 and 13.75 g MeIM were dissolved separately in distilled water (with a
total amount of 57.5 ml) before mixing together under magnetic stirring at room
temperature for 24 h. The resulting mixture was centrifuged to separate the purple ZIF-
67 and the solution. ZIF-67 was then washed with water and methanol each for three
times to remove the excess MeIM. Finally, the purple powder was separated from the
solution by centrifuge (7000 rpm, 10 min) and dried in a fuming cupboard for several

days before being subject to further heat treatment.

3.2.2.2 Preparation of PTA@ZIF-67

Synthesis of PTA@ZIF-67 is similar to the synthesis procedure of ZIF-67, except PTA
was dissolved in water together with Co(NO3)2-6H20 before mixing with MeIM solution.
Three composites with different amounts of PTA (1.113 g, 0.557 g and 0.371 g) were
synthesised. The resulting samples were denoted as W30@Z67, W20@Z67 and
WI10@Z67, respectively.
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3.2.2.3 Preparation of bimetallic WS2/Co1xS/N, S co-doped porous
carbon nanocomposites

To obtain porous carbon composite, 0.2 g dried sample powder in a ceramic boat was
placed in a horizontal flow-through quartz tube in a tube furnace. Samples were heated to
different temperatures (600, 800 and 1000 °C) at a heating rate of 10 °C min™' under
Argon atmosphere. After reaching the target temperature, hydrogen sulphide gas at a flow

rate of 50 mL min™

was introduced to sulfurise the sample, and this process was
maintained for 1 h. After 1 h, H>S was switched off, and the furnace was allowed to cool
down naturally to room temperature under Ar flow. The final product was labelled as
xWZ-y, where x is the ratio of Cobalt nitrate hexahydrate to PTA and y is the heat
treatment temperature. For example, 20WZ-800 stands for the sample obtained by heat
treatment of the precursor sample W20@Z67 at 800 °C. For comparison, PTA-800 was

also produced by heat treatment of net PTA at 800 °C for 1 h in the H2S atmosphere.

Table 3.1 Summery of the name and compositions of the samples in this section 3.2 and Chapter
4,

Composition| Sample Amount of Heat treatment under Ar/H,S gas for 1h

Rl PTA (g) Composition 600°C 800°C 1000°C

wi0@Ze67 0.371 - 10Wz-800 10WZ-1000
WS2/Co1xS/N, S co-
PTA@ZIF-67 | W20@Z67 0.557 doped porous 20WZ-600 20WZ-800 20WZ-1000
> carbon

W30@Z67 1.113 - 30WZ-800 30wZ-1000

ZIF-67 ZIF-67 0 Co1,5/N, S co-doped Z67-600 Z67-800 Z67-1000

porous carbon
PTA PTA - WS> PTA-800

3.3 Synthesis of PMA@ZIF-67@PDA, PTA@ZIF-
67@PDA and carbon-based derivatives

3.3.1 Chemicals

All reagents, including Cobalt (II) nitrate hexahydrate (Co(NOs)2:6H20, 99%,), 2-
Methylimidazole (C4HeN2, 99%, abbreviated as MeIM), Phosphomolybdic acid hydrate
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(HsPMo012040-xH20, abbreviated as PMA), Phosphotungstic acid hydrate
(HsPW12040-xH20, abbreviated as PTA), Cetyltrimethylammonium bromide
(Ci19H42BrN, 99+%, abbreviated as CTAB), TRIS-buffer solution (0.5M, pH=8.5) and
Dopamine hydrochloride (CsH11NO2-HCl , 99%), were purchased from Fisher Scientific

and used without further purification.
3.3.2 Sample preparation
3.3.2.1 Preparation of ZIF-67 nanocubes

ZIF-67 nanocubes (Z67) were synthesized based on the previous report with slight
modification to scale up the production.*® In a typical synthesis, 1.16 g of
Co(NOs3)2:6H20 and 0.02 g of CTAB were dissolved in 40 ml of distilled water while
18.16 g of MeIM was dissolved in 280 ml of distilled water separately. The mixture of
Co(NOs3)2:6H20 and CTAB was then rapidly poured into the MeIM solution under
vigorous stirring at 500 rpm, followed by continuously stirring for 20 min at room
temperature. The purple powder was collected by centrifugation at 7000 rpm for 5 min
and washed twice by water and once by ethanol. The obtained sample was dried in a fume

hood for 2 days and stored in a glass vial for further treatment.

3.3.2.2 Preparation of PMA@ZIF-67@PDA nanocubes

To obtain PMA@ZIF-67@PDA nanocubes (Mo-Z67-D), three solutions were prepared
in advance: solution A, 34 ml of 0.01 M Tris-buffer solution was prepared by adding 2
ml 0.5 M Tris-buffer solution (pH=8.5) into 32 ml of distilled water; solution B, 0.05 g
of dopamine hydrochloride was dissolved in 17 mL of distilled water; solution C, 0.2 g
PMA was dissolved in 50 ml distilled water. Then 0.15 g of dried ZIF-67 powder was
dispersed in 51 mL of distilled water under sonication for 5 min. An extra 1 mL of ethanol
was added before the water to achieve better dispersion of the hydrophobic ZIF
nanocubes. The ZIF-67 dispersion solution was stirred at 500 RPM, followed by the
addition of solutions A and B. The polydopamine started to decorate and coat on the
surface of the ZIF-67 nanocubes, changing the colour of the mixture from purple to dark
purple. Then solution C was introduced, and the mixture was kept stirring for another 20
min. Finally, the resultant composite was collected via centrifugation at 7000 RPM and
washed with ethanol three times. The obtained sample was dried in a fume hood for 2

days.

81



3.3.2.3 Preparation of PTA@ZIF-67@PDA nanocubes

PTA@ZIF-67@PDA nanocubes (W-Z67-D) were synthesized via a similar procedure for
the synthesis of Mo-Z67-D, except the replacement of PMA solution by the same amount
of PTA solution. In addition, ZIF-67@PDA nanocubes (Z67-D) were also prepared for
comparison, following the same procedure for the synthesis of Mo/W-Z67-D, only

replacing the PMA/PTA solution with the same amount of distilled water.
3.3.2.4 Preparation of bimetallic Co-Mo and Co-W Sulphide/ N, S-

doped porous carbon nanocomposite

The as-synthesised Z67 as well as the Mo-Z67-D and W-Z67-D were then subjected to
pyrolysis at three different temperatures (600, 800 and 1000 °C) to obtain a series of
carbon-based nanocomposites. In a typical synthesis, 0.05 g of dry sample powder was
loaded into a ceramic boat and pyrolysed in a flow-through tube furnace in Ar with a flow
rate of 50 mL min! and heating ramp rate of 10 °C min™ or 2 °C min’!. After reaching
the target pyrolysis temperature, H2oS gas was introduced into the tube for 1 hour.
Followed by the sulfurisation/carbonisation process, the sample was naturally cooled
down to room temperature under Ar flow. The obtained samples were named CoMoS-X
or CoWS-X, where X stands for the pyrolysis temperature of the samples. For samples
obtained under a heating rate of 10 °C min™' an extra “-10” was added in the sample
names. For example, CoMo0S-600 refers to sample derived from Mo-Z67-D at pyrolysis
temperature of 600 °C and heating ramp rate of 2 °C min™!, whereas CoWS-800-10 refers
to sample derived from W-Z67-D at pyrolysis temperature of 800 °C and heating ramp
rate of 10 °C min"!. PMA and PTA were also heated at 800 °C under the same H2S/Ar
atmosphere for comparison, and the obtained samples were designated as PMA-C and

PTA-C respectively.
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Table 3.2 Summery of the name and compositions of the samples in this section 3.3 and Chapter

5.
Heat treatment under Ar/H,S gas for 1h
- Sample
Composition name Heating rate
Composition o . 600°C 800°C 1000°C
(°C/min)
ZIF-67@PDA | Z67-D
-Mo- = 2 CoMoS-600 CoMoS-800 CoMoS-1000
PMA@ZIF- Co-Mo-S@N, S
Mo-Z67-D doped porous
67@PDA
carbon 10 CoMoS-600-10 CoMoS-800-10 CoMo5-1000-10
PTA@ZIF 2 CoWS-600 CoWsS-800 CoWS-1000
R W-Z67-D Co-W-S/C
10 CoWS-600-10 CoWS-800-10 CoWSs-1000-10
ZIF-67 67 CoS/C 2 CoS-600 CoS-800 CoS-1000
PMA MoS:2 2 PMA-C
PTA WS 2 PTA-C

3.4 Synthesis of PMA@MIL-100 and carbon-based
derivatives

3.4.1 Chemicals

All reagents were purchased from Fisher Scientific and used without further purification:
Iron (IIT) chloride anhydrous (FeCls, 98 %), Trimethyl-1, 3, 5-benzenetricarboxylate
(CeH3(CO2CH3)3, 99 9%, abbreviated as Me3btc), Phosphomolybdic acid hydrate
(H3PMo012040-xH20, abbreviated as PMA).

3.4.2 Sample preparation

3.4.2.1 Preparation of MIL-100

MIL-100(Fe) was synthesised according to the previous report [32]. 0.694 g (2.75 mmol)
of Trimethyl-1, 3, 5-benzenetricarboxylate was first dissolved in 25 mL of H20, then
0.811 g of FeCls was added and dissolved in the same solution. This mixture solution was
then transferred to a Teflon-lined stainless steel autoclave and placed in an oven at 130 °C
for 72 h, followed by cooling the autoclave naturally down to room temperature. The
orange powder was then collected via centrifugation at 5500 rpm for 5 min, washed once

with water, then twice with hot acetone. This collected sample was denoted as MIL-100.
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3.4.2.3 Preparation of PMA@MIL-100

Similar to the synthesis of pure MIL-100(Fe), 0.694¢g of Trimethyl-1, 3, 5-
benzenetricarboxylate (Me3btc), and 0.811 g FeCls were added into 20 mL of water to
form a solution. Then the calculated amount of phosphomolybdic acid hydrate (PMA)
was first dissolved in 5 mL of water to form another solution, which was then added to
the mixture solution containing Me3btc and FeCls. The resulting mixture was transferred
to a Teflon-lined stainless steel autoclave and placed in an oven at 130 °C for 72 h. The
remaining steps are identical to that of pure MIL-100. The as-made PMA@MIL-100
samples were denoted as 1-PMA@MIL, 2-PMA@MIL, and 3-PMA@MIL with 150,
250, and 350 mg of PMA used during the synthesis, respectively.

3.4.2.3 Preparation of bimetallic Fe-Mo sulphide/S-doped carbon

nanocomposite

To obtain the metal sulphide/carbon composites, typically 0.05 g dried 1-PMA@MIL
powder was loaded in a ceramic boat and subjected to pyrolysis under an H2S atmosphere
in a horizontal flow-through tube furnace. First, the tube in the furnace was flushed with
Ar to remove the remaining air inside, followed by heating the furnace at a ramp rate of
10 °C min™' in continuous Ar flow of 50 mL min™'. After the furnace temperature arrived
at the target temperature (600, 800, and 1000 °C, respectively), H2S gas flow of 50 mL
min! was introduced together with the Ar flow at the target temperature for 1h.
Afterwards, H2S was switched off, and the furnace was left to cool down naturally with
Ar flow remaining. The obtained samples were labelled as xMo@MIL-y, where x
represents which parental PMA@MIL was used (for example, x = 1 when the sample was
derived from 1-PMA@MIL) and y represents the pyrolysis temperature of the
PMA@MIL. For example, a sample derived from 1-PMA@MIL pyrolysed at 800 °C is
denoted as 1Mo@MIL-800. For comparison, MIL-100 was also pyrolysed in H2S at 600,
800, and 1000 °C for 1 h, and the resulting samples were labelled as MIL-600, MIL-800,
and MIL-1000, respectively.
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Table 3.3 Summery of the name and compositions of the samples in this section 3.4 and Chapter

6.

Heat treatment under Ar/H,S gas for 1h
600°C 800°C 800°C 1000°C
Composition S APmTAount i Heating
UEIUTS (mg) Composition time (h) Heating rate (°C/min)

10°C/min |10°C/min [2°C/min 10°C/min

- IMo@MIL{

e AL 800-2min
o 1Mo@MIL- [IMo@MIL-1Mo@MIL- [1Mo@MIL-
600 800 800-2C/min 1000
n:m‘:%)o 1-PMA@MIL 150
4 Fe-Mo 2 1 “ggc@)”;:' L
sulphide/S- )
doped porous : 1Mo@MIL-
ET0O lﬁ?n'l'?;;s - 800-1hAr- |-
2 1hH2S
2-PMA@MIL| 250 1 2M°£0M'L'-
3-PMA@MIL| 350 1 3M‘;€S)OM'L'-
Fe
MIL-100(Fe) | MIL-100 0 ST 1 MIL-600 | miL-goo [E-800- MIL-1000
doped porous 2C/min
carbon

3.5 Characterisation techniques

3.5.1 XRD

X-ray diffraction (XRD) is a robust non-destructive technique for the study of crystalline
materials. It can provide information including but not limited to structures, phases,
crystallinity, average grain size, and crystal defects. XRD peaks are produced by
collecting the intensity information of the scattered X-ray from a sample that is irradiated
by a monochromatic beam of X-ray at different angles. The relationship between the
incident and reflected X-ray can be described by Bragg’s law **7:
nd = 2d sinf (3.1)

Where 7 is an integer, 4 is the wavelength of the X-rays, d is the inter-planar spacing that
generates the diffraction, and @ is the incident angle. XRD spectrum can be obtained by
plotting the angular position versus the intensity of the reflected X-ray. Peak position can
be converted to correspond lattice-spacing by Bragg’s equation (3.1).

In this thesis, XRD spectra were obtained with Bruker D8 advanced X-ray
diffractometer with Cu-Ka radiation at 40 mA and 40 kV, step time of 1 s, and step size
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0f0.02~0.05 °. The crystalline phases were identified with the software Bruker Advanced
X-ray Solutions and JADE.

3.5.2 SEM

Scanning electron microscopy (SEM) is used to collect the surface morphology of the
sample under high magnification. For the standard SEM instrument (see Fig 3.1a), a
stable electron beam is generated by an electron gun located on the top of the SEM
column. This electron beam will go through electromagnetic lenses and apertures in order
to form a small, focused electron spot on the specimen. Different signals (such as
backscattered electrons (BSE) which are generated through elastic interactions, and
secondary electrons (SE), which are generated through inelastic interactions) excited by
the electron beam, are then collected by different detectors for SEM observation. A high-
vacuum environment is needed to avoid electrons scattered by air.**

In this work, SEM images were taken with a Helios Nanolab 600i scanning electron
microscope/Focused ion beam DualBeam workstation at an acceleration voltage of 10

kV. Samples were fixed on a conductive carbon double-sided sticky tape and coated with

gold (ca.10 nm) by a sputter coater to reduce charging effects.
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Fig. 3.1 Schematic diagram of the core components of a) SEM and b) TEM **°.
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3.5.3 TEM

Transmission electron microscopy (TEM) is a powerful tool capable of attaining very fine
nano-structural information. Compared with SEM, TEM can provide information about
the internal structures of an ultra-thin sample as the electron beam is transmitted through
the sample, and the information is acquired from the transmitted electrons. In a typical
TEM (see Fig. 3.1b), the electron source is located on the top of the instrument. Electrons
generated by the source will be accelerated and focused by a series of condenser lenses
and apertures. The parallel beam with controlled diameter and convergence will then pass
through the sample, generate elastically and inelastically scattered electrons. The
transmitted electrons are then refocused and magnified by lenses and apertures and
projected to a camera or a fluorescent screen for TEM imaging.*** A high-resolution TEM
(HRTEM) image can reveal the crystallographic structure, showing lattices with atomic-
level resolution. Except for images, selected area electron diffraction (SAED) pattern can
be obtained by TEM, which could be used to identify the crystal structure, crystallinity,
and lattice spacing based on diffraction contrast.

TEM images were obtained by a JOEL-2100 LaB6 transmission electron
microscope in this work. Samples were dispersed by sonication in absolute ethanol for 10

min and were deposited on a holey carbon copper grid and dried before TEM analysis.

3.5.4 EDX

Energy-dispersive X-ray spectroscopy (EDX) is used to determine the elemental
composition and can be performed in point scan, line scan, or mapping mode. It collects
the x-rays emitted from the sample after striking by an electron beam. Therefore, EDX is
typically performed in conjunction with SEM and TEM. In short, EDX generated by the
primary electron beam will eject from the electron shell of the atoms, leaving holes
behind. To compensate for the energy change, electrons at higher-energy states will then
fill the holes, shedding their excess energy in the form of X-rays. The energy of these
characteristic X-rays is specifically related to the atomic structure of the emitting element,
as such different elements can be identified.*!- 442

EDX line scans and mapping are carried out on the previously mentioned SEM and

TEM instrument using an Oxford Instrument X-MAXN EDS detector in this thesis.
3.5.5 FT-IR

Fourier-transform infrared (FT-IR) spectroscopy is a versatile tool used to obtain infrared
spectrum which absorbed or transmitted by a solid, liquid, or gas. When exposed to IR,
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sample molecules will selectively absorb radiation of a specific wavelength, resulting in
the vibration of molecular bonds. Each sample will have a distinctive ‘fingerprint’
depending on the number of vibration freedom and the vibrational energy gap of the
molecule. Therefore, by analysing the IR spectrum, abundant structure information of a
molecule can be obtained.**’

In this work, FT-IR spectra were recorded in the wavelength range of 500-1300 cm”
Yon a Shimadzu IR Tracer-100 spectrometer, and samples were prepared by the KBr pellet

method.

3.5.6 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique that can determine molecular vibrations
information of molecules. Similar to FT-IR, Raman spectroscopy can provide
‘fingerprint’ spectrum of a sample, by which the molecular structure can be revealed.
Raman spectroscopy relies on inelastic scattering of photons, in which both exchanges of
energy and change in photons direction occur. This inelastic scattering is so-called Raman
scattering and only occupied a fraction of total scattering. Raman spectrum was obtained
by irradiating the sample with monochromatic laser light and recording the intensity of
the scattered radiation of different frequencies.*** It is a powerful technique to investigate
carbonaceous materials.*>-447

Raman spectra were acquired with Renishaw inVia Raman microscope using a 20%
objective lens and an excitation laser beam of 532 nm in wavelength in this work. Powder

samples were pressed flatly onto a silicon wafer before being placed under the

microscope.

3.5.7 TGA

Thermogravimetric analysis (TGA) is a thermal analysis that investigates changes in the
weight of a sample when the temperature changes. It is a destructive characterisation tool
often used to determine the thermal stability and the thermal degradation pathways of a
known test sample.

In this thesis, some samples were subject to TGA using a 74 SDT Q600 instrument,
with a target temperature of 800 °C, heating ramp of 10 °C min™! and air flow rate of 100
mL min!.
3.5.8 N2 sorption analysis

N2 sorption analysis is used to determine the physical adsorption of N2 molecules in solid

materials, hence determining the texture properties of the sample. In particular, the
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adsorption and desorption isotherms are calculated by Brunauer-Emmett-Teller (BET)
method to estimate the number of physically adsorbed gas molecules in porous materials
and hence the surface area of the samples. BET theory applies to systems with multilayer
adsorbate with main assumptions include: 1) adsorption take place on a homogeneous
surface and all surface sites have identical adsorption energy for adsorbate, ii) no steric
limitation to the number of layers of the adsorbate, iii) there are not lateral interactions
between adsorbate molecules, and iv) the successive layers start to build up only before
the first one has been completed.*®

In this work, N2 sorption analysis was carried out on a Quantachrome Autosorb-iQ
gas sorptometer by using the conventional volumetric technique. Before the actual gas
analysis, samples were outgassed under vacuum at 150 °C for 3 h. Adsorption data in the
partial pressure (P/Po) range of 0.05-0.2 was used for the BET calculation. Total pore
volume was determined from the amount of adsorbed Nz at P/Po ca. 0.99. Furthermore,

the pore size distribution of the sample was analysed using the Non-Local Density

Functional Theory (NLDFT) model.
3.5.9 XPS

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive spectroscopic analytic
technique based on the photoelectric effect. It can identify the elements and provide
chemical states information from the surface of the samples. In the XPS system, the
sample is irradiated with monochromatic X-rays, and the ejected photoelectrons are
analysed by an electrostatic or electromagnetic analyser for their kinetic energy. The
kinetic energy can determine the corresponding binding energy of those escaped
electrons. Note that the specific binding energy is tightly related to the electron
configuration of the elements and compounds. The elements and chemical states of the
elements can therefore be determined.**’

XPS was performed on a Kratos Axis Ultra system with a monochromated Al Kr

X-ray source operated at 10 mA emission current and 15 kV anode potential in this thesis.

3.5.10 Electrocatalysts measurements

Electrochemistry measurements were carried out on a CHI660E electrochemical
workstation at room temperature. A classic three-electrode cell set up was used where a
glassy carbon (GC) electrode (with a working area of 3 mm in diameter) was used as the
working electrode, a Pt wire (or carbon rod) was used as the counter electrode, and an

Ag/AgCl electrode was used as the reference electrodes. Moreover, 1 M KOH solution
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and 0.5 M H2SOs solution were used as the electrolyte for OER and HER analysis,
respectively. The experiment set-up is shown in Fig. 3.2 Note that the rotating disk

electrode (RDE) measurements were performed with the help of CHI 760D potentiostat.

T ————

" CH Instruments
Electrochemical Workstation

Reference Counter
electrode electrode

Working electrode

Fig. 3.2 Schematic diagram of the electrochemical set up.

In order to prepare the working electrode, the bare GC electrode was first polished with
0.05 um alumina slurries on the BAS Diamond polishing pad then on the BAS Alumina
polishing pad to obtain a mirror-like finish. After polishing, the electrodes were cleaned
with an excess amount of distilled water and dried with an RS PRO butane duster. Then,
5 uL of freshly prepared sample ink, which was obtained by ultrasonically dispersing 3
mg of the sample into 1 mL of water-ethanol (4:1 v/v) solution with an additional 5 pL.
of 5 wt% Nafion solution for 30 min, was drop cast onto the working surface of the GC
electrode with the aid of Eppendorf micropipette and dried naturally to form a uniform
thin film. The calculated loading of each catalyst is approximately 21 mg cm™ based on
the above ink preparation recipe. For the OER test, the working electrode was spun at
1600 rpm during the measurement, and the electrolyte was purged with high purity
oxygen with a flow rate of 20 ml min™ prior to the exact measurement to achieve an O2-
saturated condition. Although there is debate on saturating the solution with Oz for OER
testing, it seems to have become an often-employed practice. Amada et al. suggested that
the precent of Oz in the electrolyte has no effect (or a negative) on the activity of the OER,
and saturating the electrolyte with oxygen may closely resemble the situation in a real
electrolyser %!2. Therefore to keep the consistency of the testing, O2-saturated condition
was applied to all OER testing in this thesis.

In order to prevent bubbles on the electrode-electrolyte interface, a small amount
of distilled water was used to wet the electrode before immersing it into the electrolyte.

All potentials were measured vs the Ag/AgCl reference electrode and reported vs the
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reversible hydrogen electrode (RHE). The conversion of Eagagci to Erue was calculated
with Nernst equation*’:

Egup = Eagjager + 0.059 X (pH) + 0.197 (3.2)
Where pH is the pH value of the electrolyte solution.

Due to the effect of ohmic resistance on intrinsic catalytic activity, all the
polarization curves are presented with iR compensation for further analysis. The
uncompensated resistance was obtained using the software built-in function, with test
potential at the open circuit potential and a compensation level of 95%. The iR correction
was manually apply to the measured LSV curve potential data (using equation 3.3, E; is
the iR corrected potential, i is the measured current and R, is the measured
uncompensated resistance) and compared with the auto-compensated LSV curves
obtained by the software in order to prevent overcompensation.

Eigr = Erug —i* Ry (3.3)

To better interpret the polarization curve (i.e. the linear sweep voltammograms
(LSV) curve), the reaction mechanism indicator, Tafel slope, was calculated from the
Tafel equation to evaluate the Electrocatalytic activity of the sample:

n =a+ blog(j) (3.4)
Where 7 is the overpotential, j is the exchange current density, a is the interception
(i.e. log(j,)) and b is the Tafel slope. By plotting the potential versus the current density
in logarithm (i.e. the Tafel plot) and fitting the linear portion of the plot, b can be easily
obtained.*' The Tafel plots of different samples are constructed based on the

corresponding LSV curves.

91



Chapter 4 POM@ZIF derived bimetallic W-Co
sulphide/porous carbon nanocomposites

4.1 Introduction

Due to the advantages of high energy density, zero-emission of pollutants, non-toxicity
and renewability, hydrogen (H2) has emerged as a promising alternative energy carrier to
conventional hydrocarbon-based petrochemicals. In the past decades, massive efforts
have been dedicated to substituting precious metal catalysts with cheaper transition metal-
based materials.

The group six transition metal chalcogenides (MX2 where M = Mo, W and X = S,
Se) are one of the most exciting catalyst families **2, and show promising electrochemical
applications in recent publications **. Among these transition metal dichalcogenides,
MoS: is one of the most widely studied metal chalcogenides as an electrochemical water-
splitting catalyst. In bulk, it is a semiconductor with poor performance in HER, whereas
in nanostructured form, MoS: frequently exhibits much enhanced HER performance +**
435 Its analogue WS2 also has a similar prospective “*® and experiences the same issues
as that of MoS: has, such as low active site density and poor electronic conductivity,
which inevitably inhibit their electrocatalytic performance in HER. The active site density
of the catalyst can usually be increased by the formation of nanoscale structures or
dispersion of the active components in highly porous supports 7438 In contrast, the
electronic conductivity of the catalyst can normally be enhanced via the combination of
the catalytic active components with electronic conductive substrates such as carbon
nanotubes, graphene, and so on % 46°_ On the other hand, cobalt sulphide is a typical kind
of transition metal chalcogenide, which is earth-abundant and frequently exhibits good
OER activities *°!, It is, therefore, anticipated that a composite containing cobalt sulphide
and tungsten sulphide, as well as conducting carbon substrate, is potential bifunctional
electrocatalysts towards both HER and OER. However, such a complex composite is
difficult to generate via conventional material process methods, not to mention the desire
for homogeneous nanostructures that could expose more catalytic active sites and enable
better mass transport for the reactions of interest. However, components in these
complicated composites are generally less homogeneous presented in the samples, and

only the HER performances of these composites were evaluated 62464,
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In recent decades, Zeolitic imidazolate frameworks (ZIFs) have been ardently
investigated as sacrificial templates for various complex composites due to their natural
compositions, porous structures and easy tailorability. Given that ZIF-67 possesses a
sodalite zeolite-type structure with a cavity size of 1.14 nm and aperture size of 0.33 nm
465 it is potentially an excellent porous host to confine specific molecular structures with
sizes larger than its aperture size. This feature has been actually demonstrated that ZIF-
67 could perfectly encapsulate Keggin-type polyoxometalate (POM) clusters, such as
phosphotungstic acid (PTA), which can readily hydrolyse into Keggin type a-PW1204¢°"
with a size of 1 nm *%%, and remain stable in the cages of MOFs without leaching during
the hydrothermal synthesis of POM@MOF composite. The produced POM@MOF
composites, which are characterized with the combination advantages of both MOFs and
POMs, together with homogeneous distribution of the POM clusters within the 3D MOF
matrix, have attracted increased interest in the past several years *- 48 due to their great
capability to provide not only the regular arranged organic linkers but also W, Mo, etc.
sources that can result in the generation of W or Mo-based electrochemical active
catalysts on porous carbons with high specific surface areas via carbonization process -
470 The generated composites are mainly transition metal carbides or oxides particles
homogeneously distributed on porous carbon materials and showed much improved
electrocatalytic performance in HER #9473 due to the fact that the in situ formed porous
carbon substrates can not only remarkably increase the electronic conductivity of the
composites, but also efficiently prevent the agglomeration of the electrocatatlytic active
metal carbide or oxide particles 47> 473,

In this Chapter, for the first time, we presented a facile one-step sulfurization/
carbonization approach to produce bimetallic tungsten-cobalt sulphide-based heteroatom
doped porous carbon (WS2/ CoixS@N, S co-doped porous carbon) nanocomposites
utilizing the in situ synthesized PTA@ZIF-67 as precursors, where the PTA can provide
abundant tungsten source, the metal ion in ZIF-67 acts as cobalt source. At the same time,
the organic linker in ZIF-67 is the source of the carbon substrate. The homogeneous
confinement of PTA molecular clusters in ZIF-67 can eventually lead to the formation of
a homogenous dispersion of tungsten sulphide and cobalt sulphide particles within the
ZIF-derived 3D porous carbon matrix after heat treatment in the H2S atmosphere. The
resulting bimetallic Co-W sulphides/porous carbon composites not only exhibit the

prominent improvement in electrocatalytic activities towards both HER and OER, but

also show increased stability in electrocatalytic performance due to the effective
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prevention of the agglomeration of metal sulphide particles via the in situ formed porous

carbon matrix.

4.2 Results and discussion

4.2.1 Characterizations of as-made PTA@ZIF67

PTA@ZIF-67 hybrids were first synthesized through in situ self-assembly of 2-
methylimidazole (MeIM), cobalt nitrate hexahydrate and phosphotungstic acid hydrate
(PTA) in one pot, followed by heat treatment of the in situ formed PTA@ZIF67 in HaS
atmosphere at higher temperature to generate the bimetallic tungsten-cobalt sulphide on
heteroatom doped porous carbon nanocomposite, as schematically demonstrated in Fig.
4.1. Due to the acidic sensitivity of ZIF-67, an excess amount of MeIM was necessary to
buffer the acidity of PTA *’*, Therefore, a green aqueous synthesis method that required
a large amount of MeIM 7 to in situ synthesize PTA@ZIF-67 was adopted in this study.
This simple, facile, and environmentally friendly synthesis method enables to prepare

gram-scale precursor products efficiently.
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Fig. 4.1 Schematic diagram of the preparation of WS,/ CoixS@N, S co-doped carbon

nanocomposite.

The structures of the as-made PTA@ZIF-67 were characterized by FT-IR, XRD
and TGA and presented in Fig. 4.2. Note that there are four characteristic IR bands
associate with Keggin-type PTA: 1080, 981,889 and 801 cm’!, which are assigned to P-
Oa stretching vibration (Oa corresponds to the oxygen atom in tetrahedral phosphate
group), W=Ox stretching vibration (Ot corresponds to the terminal oxygen atoms in the
exterior WOs octahedron), W-Ob-W stretching vibration (Ob corresponds to the bridging
oxygen atom connect with two tungsten atoms) and W-O.-W stretching vibration (Oc
corresponds to oxygen atom at the corners of the keggin structure) respectively 476478, As
demonstrate by the FT-IR spectra (Fig. 4.2A), all PTA@ZIF-67 hybrids show the vas (P-
Oa) at 1104 cm™, vas (W-Ot) at 1053 cm’!, vas (W-Ob-W) at 950 cm™ and vas (W-Oc-W)
at 815 cm’!, where ZIF-67 has no apparent absorptions in these regions, indicating the
presence of PTA. The red-shift and split of the peaks compare with the pure PTA

spectrum could possibly due to the change in chemical environment after encapsulation

as well as the partly dissociation of PTA. The deteriorated powder XRD diffraction peaks
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(Fig. 4.2B) associate with the increasing amount of PTA introduced into the composites
indicate that the PTA can affect the formation of ZIF structures. Moreover, incorporating
a controlled amount of PTA is vital for maintaining the well-defined ZIF-67 structures
indicate by the flat XRD pattern of W30@Z67. Furthermore, the PTA may be well
confined in the cages of ZIF-67 as no characteristic diffraction peaks of PTA can be
identified in the XRD measurement results. TGA curves (Fig. 4.2C) clearly show that
PTA has been successfully introduced in the resulting as-synthesized precursors,
evidenced by the elevated remaining weight for the increased PTA amount used during

the synthesis.

B

. ZIF-67
5
2 W10@Z6 3
C
S %\ﬂAAJLJﬁL“AAwqu
E 3 M N W10@Z67
& O [ N SR - !
g = N W20@767
e W07
13001200 11001000 900 800 700 600 500 5 ~ 1o 15 20 25 30 35 40
Wavenumber (cm’') 2theta (degree)

__100- C

= g0.

() ]

2 80-

£ o] W30@Z67

g ™ W20

0 60

= WA0@Z67

£ 50-

= 40 ZIF-67

30

0 100 200 300 400 500 600 700 800
Temperature (T/°C)

Fig. 4.2 A) FT-IR spectra of ZIF-67, W10@Z267, W20@Z267, W30@Z67 and PTA; B) powder
XRD, and C) TGA curves obtained under Air atmosphere for as synthesis ZIF-67, W30@Z67,
W20@Z67 and W10@Z67.

In addition, the textural properties of pure ZIF-67 and the representative PTA
modified sample W20@Z67 were determined by N2 sorption. Specific surface area, and
the total pore volume were summarized in Table 4.1. ZIF-67 got a specific surface area
1.3 times of W20@Z67, and the total pore volume decreased 23% after modification.

These observations further confirm that the PTA molecules are encapsulated in the pore
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channels and/or some cages of ZIF-67, which results in the decrease in surface area and

pore volume of the precursors.

Table 4.1 Specific surface area and total pore volume of as-made ZIF-67 and W20@Z67.

BET surface area Total pore volume
Sample
(m’ g'') (cm® g)
Z1F-67 1436 1.3
W20@Z67 1097 1.0

In conclusion, all the analysis results suggested that PTA molecules have been
successfully encapsulated within the sodalite (SOD) cages of ZIF-67 without dramatically
altering its 3D structures. The obtained PTA@ZIF-67 were then subject to heat-treatment
in Ar/H2S mixed gas atmosphere at 600, 800 and 1000 °C respectively for 1 h to generate

W, Co sulphide/N, S co-doped carbon nanocomposites.
4.2.2 Characterizations of PTA@ZIF-67 derived

nanocomposites

The XRD patterns of the composites obtained by heat treatment of W20@Z67 under
different heat process temperatures of 600, 800 and 1000 °C, respectively, are shown in
Fig. 4.3A. For comparison, the XRD patterns of samples Z67-800 and PTA-800 prepared
by heat treatment of pristine ZIF-67 and pure PTA under the same atmosphere at 800 °C
are also included. While sample PTA-800 exhibited diffraction peaks similar to the
patterns of IF-WS2 (JCPDS No. 08-0237) *°, the XRD patterns of the PTA modified
composites mainly show diffraction peaks indexed to CoixS (JCPDS No. 42-0826) 4%
and WSa2. Moreover, the sharpness and the intensity of the cobalt sulfide and tungsten
sulfide peaks increase with the increase of heat process temperature, suggesting that
higher heat process temperature results in higher crystallinity of metal sulfides. There is
no observable diffraction peak at 20 of 26 °, maybe due to the amorphous nature of the

carbon with lower diffraction intensity compared with crystalline sulfides.
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Fig. 4.3 XRD patterns of different nanocomposites. A). PTA-800, 20WZ-1000, 20WZ-800,
20WZ-600 and Z67-800. B). PTA-800, 10WZ-800, 20WZ-800, 30WZ-800 and Z67-800.

The representative SEM images of Z67-800 and the heat-treated W20@Z67 in the
H2S atmosphere at various temperatures are shown in Fig. 4.4. Comparing with the
pristine ZIF-67 (see Fig. 4.5A), the composite derived from ZIF-67 (sample Z67-800 in
Fig. 4.4A) largely retains the shape and size of its precursor but shows a lumpy surface.
As heat treatment temperature increased, the particles have gradually shrunk and
collapsed to smaller particles with rough surfaces (Fig. 4.5C and D). In contrast, PTA
modified composite obtained at 600 °C (sample 20WZ-600) displays a larger particle
shape and size but a downy surface (Fig. 4.4B). At 800 °C, the particles in sample 20WZ-
800 were collapsed, and a large amount of small flakes with the size of around 100 nm
has appeared between smaller downy particles (Fig. 4.4C). As the temperature increased
to 1000 °C, the size of thin flakes in 20WZ-1000 grows up to 1 um (Fig. 4.4D). These
observations clearly imply that the morphologies of the W20@Z67 derived composites

can be remarkably affected by the heat process temperature of the samples.
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Fig. 4.4 Representative SEM images of different nanocomposites. (A) Z67-800, (B) 20WZ-600,
(C) 20WZ-800 and (D) 20WZ-1000.

Fig. 4.5 SEM images of A) as-made ZIF-67, B) W20@Z267, C) Z67-600 and D) Z67-1000.
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Fig. 4.6 presents the typical TEM images of Z67-800, 20WZ-600, 20WZ-800 and
20WZ-1000. As shown in Fig. 4.6A1, only a small amount of black cobalt sulfide
particles are clearly observed in Z67-800. The d-spacing between the lattice fringes of
(101) for cobalt sulphide in the composite Z67-800 is calculated to be 0.25 nm (Fig.
4.6A2), which interactively agreed with the value obtained from the XRD results in Fig.
2A. However, in the 20WZ series composites derived from the heat process of 20W@Z67
in the H2S atmosphere at high temperatures (Fig. 4.6B1-D1), there are obviously more
metal sulfide black particles. In addition, both the amount and the size of the black
particles increase with the heat process temperature. High magnification TEM images
(Fig. 4.6B2-D2) clearly exhibit the lattice fringes of 6.3 A and 3.1 A, which corresponds
to the (002) and (00) planes of 2H-WS: respectively for all three 20WZ samples obtained
under different heat treatment temperatures, confirming the existence of WS flakes.
Moreover, apart from WS: particles, composites 20WZ-800 and 20WZ-1000 were
obtained by heat treatment of 20W@Z67 at 800, and 1000 °C (Fig. 4.6C2 and D2) also
confirm the presence of Coi1xS particles with d-spacing of 0.25 nm for the (101)
crystalline planes. These TEM images are in excellent agreement with the aforementioned
XRD and SEM results. In particular, the general shape of the ZIF-67 crystal is more or
less still observable in the 600 °C heat processed sample (Fig. 4.6B1) as the formation of
tiny flaky WSz brings a downy appearance to the surface of the particles. With the
increase of the pyrolysis temperature, both Co and W bimetallic sulphides with improved
crystallinity are formed, evidenced by both the increased XRD peak intensities in Fig. 4.3
and the observed fringes for both cobalt sulphide and tungsten sulphide in Fig. 4.6C2 and

D2, leading to significant changes in morphologies of these samples.
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Fig. 4.6 Representative TEM images of different nanocomposites. A) Z67-800, B) 20WZ-600, C)
20WZ-800 and D) 20WZ-1000.
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Moreover, sample 20WZ-800 (Fig. 4.6C1) shows large particles outside the carbon
matrix with sizes approximately in the range of 50-100 nm, which possibly originates
from the migration and agglomeration of small metal sulfide particles within the carbon
matrix driven by thermal gradient during the heat process. HRTEM image of this sample
in Fig. 4.6C2 and Fig. 4.7B indicates that there are small CoixS spheres and onion-like
inorganic fullerene (IF-WS2) particles with a size of around 5-10 nm embedded in an in
situ formed carbon matrix derived from the carbonization of the organic linkers in
W20@Z67. As the heat treatment temperature increases to 1000 °C, the resulting sample
20WZ-1000 (as shown in Fig. 4.6D2 and Fig. 4.7C) displays larger Co1xS particles in
the carbon matrix with a size up to 15 nm in diameter. Meanwhile, the number of onion
layers of the carbon wrapped IF-WS: particles have increased as well. It is believed that
the confined molecular PTA clusters within the ZIF-67 cages could first decompose to
tungsten oxide species at high heat process temperatures, the formed tungsten species
then react with H2S gas to form layer WSz particles. The formation of this layer WS2
structure may be based on the outside-in growth mechanism proposed by Feldman et al.
that the S atom and H atom decomposed from H2S will diffuse into and react with the as-
formed nanoparticle WOx to further produce layers of WSz #81:482 The O atoms in the
tungsten oxide nanoparticles will be gradually replaced by S atoms, and eventually, a
WS: onion ball (IF-WS2) is formed. At higher heat process temperatures, large WS2 flakes
with a size up to 1 um are formed (see both Fig. 4.6C, D and Fig. 4.7C). Additionally,
large CoixS crystals size up to 200 nm also grow along the outside of the carbon matrix,
which results from the migration and agglomeration of CoixS nanocrystals under the heat

treatment process (as shown in both Fig. 4.6 and Fig. 4.7B and C).
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Fig. 4.7 High resolution TEM images of A) 20WZ-600 B) 20WZ-800 and C) 20WZ-1000.

To gain more information on the surface composition and chemical state of the as-
synthesized nanocomposites, TEM-EDX and XPS analysis was performed, and the
results are shown in Fig. 4.8 and 4.10, respectively. The elemental mappings and EDX
spectrum in Fig. 4.8 and Fig. 4.9 clearly confirm the presence of C, S, Co and W in the
composite, which is consistent with the XRD. In addition, the element distribution
mappings together with the corresponding TEM image have suggest the homogeneous

distribution of all the elements in the samples.

Fig. 4.8 TEM images, elemental mappings and element spectrum of 20WZ-800.
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Fig. 4.9 TEM images and elemental mappings of A) 20WZ-600, B) 20WZ-800 and C) 20WZ-
1000.
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Fig. 4.10 Elemental survey of XPS for sample 20WZ-1000, 20WZ-800, 20WZ-600 and Z67-800.

Element survey carried out on XPS and presented in Fig. 4.10 further confirms the
presence of W, Co, S, C, N and O in all the PTA@ZIF-67 derived composites. High-
resolution XPS spectra of N 1s and C 1s (Fig. 4.12D and E) have suggested that the

carbon matrix was co-doped with N and S.
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Fig. 4.12A presents the high-resolution XPS spectra of Co 2p for 20WZ obtained
at 600, 800 and 1000 °C, respectively. The two spin-orbit doublets peaks at approximately
781.8 (2p 1/2) and 798.1 eV (2p 3/2) are the characteristics of Co®" oxidation state in the
surface species, belonging to the Co-S bond due to the formation of Co1-xS *33. While the
peaks at around 785 and 802 eV are the corresponding shake-up satellite peaks 4, the
two spin-orbit doublet peaks at around 793.7 (2p 1/2) and 778.7 eV (2p 3/2) only
observable for sample 20WZ-800 and 20WZ-1000 can be ascribed to Co** oxidation
state. Therefore, it is suggested that mixed oxidation states (both Co** and Co**) existed
in high temperature derived samples, which is consistent with the previous report %,
Moreover, comparing the XPS spectra of Z67-800 with that of 20WZ samples, the 2p 3/2
peak for Co®" and Co?" has shifted from 778.4/781.9 eV (Z67-800) through 778.5/781.7
eV (20WZ-800) to 778.7/ 781.8 eV (20WZ-1000) respectively (Fig. 4.11), which is very
close to the Co 2p spectra of Co-W-S phases at 778.6~778.8 eV 8% %8¢ indicating an
increasing strong interaction between Coi-xS and WS2 as temperature increases.

Moreover, in the W 4f spectrum shown in Fig. 4.12B, all the 20WZ samples can be
deconvoluted into four peaks. Peaks at around 38.0 (4f 5/2) and 35.8 eV (4f 7/2) indicate

the presence of W species *%

, which could be due to the thermal decomposition
intermediates of PTA. At high temperatures in the H2S atmosphere, the W®* species will
gradually react with H2S gas to form WS2; hence the relative intensity of W% peaks
decreases with increasing temperature. The other two peaks at around 34.7 (4f 5/2) and
32.6 eV (4f 7/2) indicate the presence of W*" species, which could be assigned to the
formed WSz ¢, This result is also in line with the above XRD results. The relative area
of the W*" species are much bigger for the 800 and 1000 °C samples than 600 °C one,
which clearly suggests that under relatively high pyrolysis temperature in the H2S
atmosphere, more WS: formed from W®" species. It is worth mentioning that 20WZ-600
exhibits an extra pair of weak peaks at 36.50 and 34.73 eV, which can be assigned to W>",
indicating the presence of oxygen vacancies in the WOx precursor 8, possibly from the
decomposition intermediate of PTA.

In addition, high-resolution XPS spectra for S 2p are shown in Fig. 4.12C. The
peaks observed at around 162.2 and 163.39 eV correspond to the S 2p5/2 and S 2p3/2
doublets with a binding energy separation of 1.19 eV, corresponding to the S* species of
WS 4949 The second pair peaks located at around 168.8 and 169.9 eV are assigned to
the S 2p3/2 and S 2p1/2 peaks of oxidized S species, such as sulphate groups *°!, which

could be due to the oxidation of sulphur in the air **, or intermediate products formed
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during the transformation of WSz from PTA and HzS. At lower pyrolysis temperature in
H:S, the oxidized S species are dominant in sample 20WZ-600. However, with the
increase of the pyrolysis temperature, WSz gradually becomes the dominant component
in the sample 20WZ-800 and 20WZ-1000, consequently the peak areas for S* species are
much larger in the 800 and 1000 °C samples than that in the 600 °C sample.
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Fig. 4.11 XPS of Co 2p 3/2 for sample Z67-800, 20WZ-800 and 20WZ-1000.
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Fig. 4.12 High-resolution XPS spectra of A) Co 2p, B) W 4f, C) S 2p, D) N 1s and E) C 1s for
20WZ-600, 20WZ-800 and 20WZ-1000.

107



The Raman spectra in Fig. 4.13 show that all three bi-metallic composites clearly
present G band and D band at 1590 and 1340 cm!, respectively. The G band suggested
the existence of non-crystalline carbons and sp*-hybridized carbon atoms resulted from
the carbonization of the samples, while the D band indicated the presence of a more
ordered carbon **. The relative intensity of two peaks, i.e. Ip/Ig, has increased with
increased temperature, indicating the increased amount of edge and topological defects

with higher carbonization/sulfurization temperatures 4.
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Fig. 4.13 Raman spectra of 20WZ-600, 20WZ-800 and 20WZ-1000.

Moreover, gas sorption analysis of the sulphurized tungsten modified samples
shows that an increase in specific surface area and total pore volume (as shown in Table
4.2), which may be due to the migration and agglutination of nano-size metal sulphide

from the carbon matrix to the surrounding leaving pores behind in the carbon matrix.

Table 4.2 BET specific surface area and total pore volume of 20WZ-600, 20WZ-800, 20WZ-
1000 and Z67-800.

Sample Specific surface area (m?>g')  Total pore volume (mL g)
20WZ-600 15 0.10
20WZ-800 24 0.12
20WZ-1000 42 0.28

767-800 78 1.37
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4.2.3 Electrocatalytic performance of generated materials

The electrochemical performance of the produced WS2/CoxSy@N, S-codoped carbon
nanocomposites are evaluated as electrocatalysts at room temperature in a three-electrode
setup. 0.5 M H2SOs electrolyte was used for the HER test. To be more prudent, in this
study the commonly reported potential at a current density of 10 mA cm™ is adopted for
comparison*®, and the relevant HER measurement results are presented in Fig. 4.14 and
Table 4.3. It is clear that sample 20WZ-600 shows the lowest potential of 0.221 V (vs
RHE) to achieve a current density of -10 mA cm™ amongst all the W-modified samples
(as shown in Fig. 4.14A and Table 4.3); however, it does not show a higher current
density as voltage increases. The early start of the HER may be ascribed to the oxygen
vacancies that existed in the intermediate non-stoichiometric tungsten oxide ****’7, which
was proofed by the XPS result earlier. As the reaction continues, the non-stoichiometric
compound is gradually oxidised to form stoichiometric tungsten oxide, WOs. The
increased AGu and inferior electrical conductivity of WO3 results in degrading
electrocatalytic activities, as evidenced by the gradual gradient of the polarization curve
497 The HER activities at higher voltage could be due to the activate site provided by the
WS particles embedded in the carbon matrix, as shown in the previous TEM results. The
poor crystallinity of carbon could also be one of the reasons for the inferior HER
performance. In contrast, 20WZ-800 shows the best overall HER performance with the
highest current density at higher potential, and it only requires a relatively low potential
of 0.250 V (vs RHE) to reach a current density of -10 mA cm™. By comparing the LSV
curves of the modified ZIF-67 derived catalysts and the pristine ZIF-67 derived ones, it
is clear that the bimetallic sulphide carbon composite exhibits an overall better HER
catalytic activities than the pristine cobalt sulphide carbon composite. In addition, the
HER performances of these composites are, in general, still inferior to the benchmark
20% Pt/C sample.

To better interpret the polarization curve, the reaction mechanism indicator, Tafel
slope, was calculated from the Tafel equation to evaluate the electrocatalytic activity:

n =a+ blog(j)

Where 7 is the overpotential, j is the exchange current density, a is the interception (i.e.
log(j,)), and b is the Tafel slope. By plotting the potential versus the current density in
logarithm (the so-called Tafel plot) and fitting the linear portion of the plot, b can be
easily obtained ***. The Tafel plots for HER of different samples are constructed based

on the corresponding LSV curves in Fig. 4.14A and are presented in Fig. 4.14B.
109



0 0.35
€ ] —=— 20WZ-600
10 0 1= 20Wz-800
= 10 T 0-30 4 20WZ-1000 83"‘V/SMWW
% - o | Z67-600 e
-20+ 20WZ-600 Do | <+ Z67-800
.-? — 20WZ-800 ;O.ZS — zs7.1ooo\:w~m1ﬂ“m
@ 301 ——20Wz-100q | < | 68mVidec“”
% ] — 767-600 -'(__E 0.20+ 78mVidec *
= 401 e £ 1 e4mVidec
at.) _50' A . — 20%PYC_ EOJS- 83mwf’e° . 83mVlldec B
3 05 04 03 02 01 00 0.5 0.0 05 10
Potential (V vs RHE) Log j (mA/cm”)
.0
N
E 4
%40_
E20-
2
8'30'
() ]
S 40-
T —— Initial
0. 1C —— After 1000 oycles
a3 05 -04 03 02 01 00

Potential (V vs RHE)

Fig. 4.14 A) HER polarization curves of benchmark catalyst 20% Pt/C, carbonised/sulfurised
W20@Z67 and ZIF-67 at 600, 800 and 1000 °C; B) The corresponding Tafel plots and C) HER
polarization curves of 20WZ-800 recorded before and after 1000 CV cycles. All the polarization

curves were iR corrected at a scan rate of 5 mV s™ in 0.5 M H,SOj electrolyte solution.

In 0.5M H2SOs4 electrolyte, samples Z67-600, Z67-1000 and 20WZ-600 exhibit a
relative high Tafel slope of 83 mV dec™!, while Z67-800 shows a Tafel slope of 78 mV
dec!. However, the corresponding WS2/Co1-xS@N, S-codoped carbon nanocomposites
including both 20WZ-1000 and 20WZ-800 present much lower Tafel slopes. In
particular, sample 20WZ-800 exhibits the lowest Tafel slope of 64 mV dec™! among all
the studied composites and the lowest potential required to achieve a current density of
10 mA c¢cm™ (see Table 4.3), implying a good HER reaction kinetics of the sample.
Actually, the Tafel slope for sample 20WZ-800 surpasses most of the reported Co-W-S/C
series electrocatalysts in HER (Table 4.4).

The good HER activity is attributed to the novel structure of the composites. The
pristine metal sulphides have low conductivity, which largely limits their electrochemical
performances in HER. However, in the case of 20WZ-800, both CoixS and WS>
nanoparticles are uniformly dispersed in the heteroatom-doped carbon matrix, with WS2

being a typical HER electrocatalytic component, leading to more active sites in the
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composites. Moreover, the carbon matrix allows better charge and mass transport
between the adsorbed H" and the electrode. In addition, the existence of N species that
can result in changes in the electronic structure of neighbouring carbon atoms, together

with the asymmetrical spin and change in charge density originated from the co-doping

of N and S, can lead to the increase in the number of active sites *° and hence
enhancement in the HER activity.
Table 4.3 Overpotential at 10 mA cm™ and Tafel slope for samples in this work.
HER OER
Sample |Overpotential afel slope Overpotential Tafel slope
@-10 mA cm?| @10 mA cm™
(V vs RHE) mVdec) v srHE) O dec™)
20% Pt/C 0.035 30 - -
IrO; - - 0.417 54
767-600 0.235 83 0.505 93
767-800 0.283 78 0.440 74
767-1000 0.323 83 0.396 70
20WZ-600 0.221 83 0.410 72
20WZ -800 0.250 64 0.398 64
20WZ-1000 0.292 68 0.365 53
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Table 4.4 Comparison of the HER performances for CoS,/WS;-based electrocatalytical

materials in recently published results.

Electrolyte Catalyst |Potential at Tafel slope Ref.

concentration  loading -10 mA cm?|
(mV dec?)
Catalysts (mol L)
(mg cm?)  (V vs. RHE)
This
20WZ-800 0.5 M H2SO4 0.21 0.250 64
work
CoS,/CC 0.5 M H2S04 18.6 0.288 210.7 500
rGO/WS; 0.5 M H2S04 - 0.229 73 501
CoS:@WS;
0.5 M H2S04 2.9 0.097 66 462
/1CC
CoS:@WS;
0.5 M H2S04 0.91 0.119 68 502
nanosheets
nanosheet 0.5 M H2SO4 - 0.120 89 503
@CC
CoWS 0.5 M H2S04 - 0.330 74 S04

Besides the improved HER performance, W20@Z67 derived composites also show
promising OER activities. The test was carried out in an oxygen-saturated 1 M KOH
aqueous solution at room temperature with an electrode spinning rate at 1600 rpm. Fig.
4.15A presents the linear sweep voltammograms (LSVs) polarization curves of the OER
benchmark catalyst [rO2, W20@Z67, and ZIF-67 derived catalysts at different calcination
temperatures. To achieve a current density of 10 mA cm2, W20@Z67 derived sample at
600, 800, and 1000 °C requires an overpotential of 0.410, 0.398 and 0.365 V (vs RHE)
respectively, while ZIF-67 derived sample at 600, 800, and 1000 °C needs a higher
overpotential of 0.505, 0.440 and 0.396 V (vs RHE) respectively to achieve the same

current density. Obviously, the incorporation of WS: species in the 20WZ series samples
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dramatically improves the OER performance of the composites. Particularly, the OER
activities of all the 20WZ series samples over-perform that of the benchmark IrO:
catalyst, and 20WZ-1000 exhibits the highest OER performance among all the studied
samples and this sample only need the lowest overpotential of 0.365 V (vs RHE) to
achieve the current density of 10 mA cm™ (as shown in Table 4.3).

The high OER activities of 20WZ-1000 could be due to several reasons. Firstly, the
presence of defect-rich carbon sites (see Raman spectra in Fig. 4.13) can modulate the
electronic and surface properties of the composites, thus changing the adsorption energies
of electrochemical reaction steps >*. This is supported by a recent report that suggested
defect-rich carbon shows better electrocatalytic activities than the N doped carbon 4,
which could result in the 1000 °C composite with fewer N species in the carbon matrix
still shows better catalytic activities than the 800 °C sample. Secondly, the generated
strong electron transfer between Co and W via the intermediate sulphur atoms, i.e. the
formation of Co-W-S phases between the Co1-xS-WS: interface, as suggested by Zhang’s
work “2. Similar result has been demonstrated by Du et al. in the CooSs@MoS> system
3% Finally, the relative high BET surface area of the 1000 °C sample (see Table 4.2)
could also contribute to the high activity by providing loose textures and open space for
the easy transportation of evolved gas bubbles and the instant diffusion of the electrolytes,
which can help to take the full advantage of active sites in metal sulphides. As the catalyst
is a complicated multiphase system, it is difficult to evaluate the individual composition
contribution to the synergistic effect of the catalyst system without disturbing the overall
structures.

The corresponding OER Tafel slopes in Oz-saturated 1M KOH electrolyte (Fig.
4.15B) show a similar trend to that for HER where the W, Co sulphide-based carbon
nanocomposites in general exhibit lower Tafel slopes than their counterparts of ZIF-67
derived samples under the same sulphurization temperatures; this clearly indicates that
the introduction of WS2 results in the remarkable enhancement of the reaction kinetics
over their pristine counterparts. Among the W, Co sulphide-based carbon
nanocomposites, 20WZ-600 shows the highest Tafel slope of 72 mV dec™! and 20WZ-
1000 gives the lowest Tafel slope of 53 mV dec™!, which is even lower than the value for
benchmark IrO: catalyst (54 mV dec™!, see Table S3 in SI), indicating that 20WZ-1000 is
the best OER electrocatalyst among all the studied samples, outperforming the benchmark
IrO> catalyst. The overpotential at 10 mA ¢cm and Tafel slope data for both HER and

OER were summarised and presented in Table 4.5. As a matter of fact, the Tafel slope for
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sample 20WZ-1000 surpasses many of the reported CoS/C based electrocatalysts in OER

(see Table 4.5).
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Fig. 4.15 The LSV polarization curves of benchmark catalysts IrO,, carbonised/sulfurised
W20@Z67 and ZIF-67 under 600°C, 800°C and 1000°C, B) Tafel plots and C) OER Polarization
curves of 20WZ-1000 recorded before and after 1000 CV cycles. All the polarization curves were

iR corrected with a scan rate of 5 mV s in O-saturated 1 M KOH electrolyte solution.
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Table 4.5 Comparison of OER performances for CoS,/WS;-based electrocatalysts.

El I Catal Overpotenti
ectrolyte atalyst
y y al@10 mA Tafel slope
Catalysts concentratio  loading Ref.
cm? (Vvs (mV dec™)
n(mol L") (mgcm?)
RHE)
This
20WZ-1000 1 M KOH 0.21 0.365 53
work
Co-Ny/C
nanorod 0.1 M KOH 0.51 ~300 62.3 507
array
CosSs@CoS
@ @ 1 M KOH 0.2 150 96 508
CoO@C NPs
Co/CosSs@S,
N-doped 0.1 M KOH 1 290 - 509
graphene
CoS/carbon
tubes/carbon 1 M KOH 0.32 190 72 310
paper
CoS@Nickle
1 M KOH 0.5 297 106 St
Foam
Mo-
0.1 M KOH - 390 72 512
N/C@MoS;
Co9oSs/WS2/Ti 1 M KOH 2.2 420 - 436

To examine the HER/OER bifunctional behaviour for the composites, the combined

HER and OER LSV curves were presented in Fig. 4.16, where both HER and OER of the

representative samples were evaluated in 1 M KOH media. The W-modified sample

20WZ-800 again shows remarkably improved electrochemistry performances in both
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HER and OER compared with the W-free sample Z67-800. Moreover, sample 20WZ-800
requires a potential of 0.337 V (vs RHE) to realise a current density of 10 mA ¢cm™ in 1
M KOH media for HER, which is merely around 0.087 V reduction for the same
composite to achieve the same current density of 10 mA ¢cm™ in 0.5 M H2SOs4 solution,
much smaller than the reduction of potential for benchmark Pt/C catalyst to realise 10 mA
cm? in 1 M KOH solution. Obviously, the representative 20WZ-800 sample exhibits

good bifunctional electrocatalytic performance towards both OER and HER in an alkaline

environment.
s0l—267800 ' B
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Fig. 4.16 Combined HER and OER LSV polarization curves for Z67-800, 20WZ-800, IrO, and
20% Pt/C in 1 M KOH. All the curves were iR corrected.

The kinetics performance of the representative electrode materials was also
evaluated by electrochemical impedance spectroscopy (EIS), as presented in Fig. 4.17.
The charge transfer resistance (Rct) of material can be derived from the diameter of the
semi-circle. It is worth noting that the fast interfacial kinetic is indicated by the small
value of the obtained charge transfer resistance. Obviously, 20WZ-800 shows a much
smaller Ret than the Z67-800 sample, which indicated that the introduction of WSz into
the sample Z67-800 plays a significant role in altering the electronic properties of the
composite 20WZ-800. Moreover, benchmark IOz catalyst shows a larger Ret than 20WZ-

800, which is in agreement with the results in LSV curves and Tafel plots.
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Fig. 4.17 EIS spectra (Nyquist plots) of 20WZ-800, Z67-800 and benchmark IrO; electrocatalyst
recorded at 0.6V (vs. Ag/AgCl), measured in the frequency range of 10"-10° Hz in 1 M KOH

solution.

The stability of the best-performed samples, i.e. 20WZ-800 for HER and 20WZ-
1000 for OER, were evaluated by the LSV curves, and the results were presented in Fig.
4.14C and Fig. 4.15C. The polarization curve after 1000 cycles is similar to the initial
cycle. In particular, the overpotential of 20WZ-800 has dropped only 0.008 V at 10 mA
cm, while the overpotential of 20WZ-1000 has slightly increased 0.011 V at 10 mA cm’
2. The stabilities of both samples were further confirmed by the chronoamperometric
curves, which were tested at -0.3 V in 0.5 M H2SO4 and 0.57 V in 1 M KOH, respectively
over 8000 s. As shown in Fig. 4.18A and B, sample 20WZ-800 retains 88% of its relative
current density after 8000 s, implying excellent stability of this sample in HER.
Meanwhile, sample 20WZ-1000 shows good durability in OER and can retain 84% of its
relative current density after 8000 s, which is higher than our previous reported core-shell
based CoxSy/C sample produced under the same carbonisation temperature that retains
80% of current density **°, further underlining the important role of the introduce of WS:
species in the composites. These observed good durability for the studied electrocatalysts
are largely due to the stabilising effect of porous carbon matrix on the metal sulphide
catalysts, which can also provide a conducting network and electrochemical coupling

between the metal sulphide active sites and the reacting species.
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Fig. 4.18 Current-time chronoamperometric response of A) 20WZ-800 at -0.3 V in 0.5 M H,SO4

solution and B) 20WZ-800 at 0.57 V in O,-saturated 1 M KOH solution (1600 rpm).

Since 20WZ-800 gives the best HER performance and 20WZ-1000 shows the
highest OER performances among studied composites, it is interesting to find out the
influence of W content on the electrocatalytic activities. In this regard, two other samples
with different amounts of PTA were synthesised and denoted as W10@Z67 and
W30@Z67, respectively, which were used as precursors to carbonise and sulphurized at
high temperatures to obtain the electrochemical evaluation samples derived at 800 °C for
HER and 1000 °C for OER. Fig. 4.3B presents the XRD patterns of these samples
obtained at 800 °C. All three samples show diffraction peaks corresponding to metal
sulphides. 30WZ-800 reveals sharper WS: peaks due to its much higher W content, vice
versa for 1I0WZ-800.

The HER and OER polarization curves of the WZ-67 and ZIF-67 derived
composites, curves for benchmark Pt/C and IrO: catalysts were also plotted for
comparison. In Fig. 4.19A, although all the composites are inferior to the benchmark Pt/C
in HER, 20WZ-800 shows the best performance among them. On the other hand, in Fig.
4.19B, all the composites except 30WZ-1000 outperform the benchmark IrO2 in OER,
and the 20WZ-1000 shows the best performance towards OER among the studied
samples. Therefore, in both cases of HER and OER, the samples derived from W20@Z67
exhibits the best electrochemical performance. As has been discussed above, the
generated strong electron transfer between Co and W via the intermediate sulphur atoms,
1.e. the formation of Co-W-S phase between Co1-xS-WS: interfaces, could play a role in
the electrochemical performance; therefore, the contents of Co and W will affect the
electron transfer between Co and W. While W10@Z67 (0.371g of PTA) may provide too
little W and 30W@Z67 (1.113g of PTA) contains too much W, but the W20@Z67
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(0.557g of PTA) leads to the appropriate amount of W required for the formation of Coi-
xS-WS2 phase, to give the best electrochemical performances in both HER and OER.
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Fig. 4.19 HER polarization curves for 10WZ-800, 20WZ-800, 30WZ-800 and 20% Pt/C and B)
OER polarization curve for 1I0WZ-1000, 20WZ-1000, 30WZ-1000 and IrO2. All polarization

curves were iR corrected.

4.3 Summary

In summary, using the in situ synthesised PTA@ZIF-67 as the precursor, facile one-step
carbonisation and sulphurization route has been successfully developed to generate
tungsten/cobalt sulphide-based carbon nanocomposite as efficient bifunctional
electrocatalysts. Through the immobilisation of POM molecular clusters within the
confined space of ZIF-67 cages followed by heat treatment at high temperatures under
the Hz2S atmosphere, a homogeneous dispersion of tungsten sulphide and cobalt sulphide
particles within a carbon matrix can be achieved. The resulting bimetallic Co-W
sulphide/heteroatom doped porous carbon composites exhibit a prominent improvement
in HER with a Tafel slope of 64 mV/dec and an overpotential of -0.250 V (vs RHE) at
the current density of 10 mA c¢cm™. Moreover, the bimetallic Co-W sulphide/porous
carbon composites also demonstrated excellent OER activities with Tafel slope of 53
mV/dec and an overpotential of 0.365 V (vs RHE) at the current density of 10 mA cm?,
out-performing the benchmark IrO: catalyst. This work offers a new strategy to prepare
homogeneous transition metal sulphide decorated porous carbon nanostructures and open
up a new way to obtain low-cost bifunctional electrocatalysts towards both OER and

HER.
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Chapter 5: Bimetallic Co-Mo sulphide/carbon
nanocomposites derived from POM@ZIF@PDA
nanocubes

5.1 Introduction

Two-dimensional layered transition metal dichalcogenides (2D TMDs) have been one of
the most popular material families for electrochemical energy-related applications due to
their unique structures and intrinsic properties >'* !4, MoS is one of the well-studied
materials in the 2D TMDs family. Both theoretical simulations and experimental works
confirm that the unsaturated chalcogens and metals on the exposed edges are the active
sites for the HER reactions !> °!®, However it is well known that MoS2 possesses poor
OER activities °!”. To develop bifunctional catalysts that are active towards both HER
and OER, hybridising MoS:2 with 3d transition metal (i.e. Co, Fe or Ni) sulphides have
been extensively adopted 3'®. This multi-interface engineering strategy can also improve
the conductivity and adsorption of electrochemical intermediates of the electrocatalysts
519 In particular, cobalt sulphides incorporated MoS: have been widely explored. For
example, recently Huang et al. have synthesised a mesoporous CoS/MoS: for water
splitting application *%°, Ganesan et al. have created a multi-shelled CoS2-MoS2 hollow

! and Gao et al. have assembled a core-shell

sphere for efficient water splitting 2
Co3S4@MoS: for both HER and OER 522,

Besides introducing cobalt into MoS2, the electrochemical efficiency of the
electrocatalysts can be strategically promoted by active site engineering strategies,
including edge-site formation, nano-sized TMD and highly curved structures formed on
the Mo$S: crystals *2°. Those ultra-fine open-ended nanostructures and rich defects enable
the catalysts to expose a higher density of active sites for the key reactions, consequently

524, 525

leads to improved electrocatalytic activity . In order to maintain the fine

nanostructure of electrocatalysts, to prevent heat-induced sintering >2® and high surface

527 graphitic carbon matrix can

energy induced agglomeration of the active components
be introduced to isolate the electrocatalytic active MoS2 nanoparticles 2% 32°, Meanwhile,
the excellent electronic conductivity of graphitic carbon benefits fast charge transfer in
the composites, resulting in enhanced activities > *3°. More interestingly, porosity can

be introduced into the graphitic carbon matrix. As a result, the porous graphitic carbon
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matrix can not only isolate the electrocatalytic active sites to avoid agglomeration, but
also promote the mass transports during the electrocatalytic reactions, thereby enabling
the active sites to be readily accessible by reactants *!°. Moreover, the porous carbon
matrix can be doped with heteroatoms such as N and/or S, which can modulate the
electronic structure of the composites and create more catalytic active sites, therefore
further improving the electrocatalytic activities of the heterostructured composites >!.
Built on the above considerations, the porous zeolitic imidazolate framework (i.e. ZIF-
67) is an ideal precursor to develop heteroatom functionalised carbon-rich and transition
metal Co-based composites.

Previously, we reported HER and OER active WS2/CoixS/porous carbon
nanocomposites derived from in situ synthesised polyoxometalates (POM)@ZIF-67 3.
However, since ZIF-67 is unstable in acidic environment >3, attempts to in situ synthesise
Mo-containing counterpart via a similar method were unsuccessful due to the strong
acidity and the uncertainty of molecular weight of phosphomolybdic acid hydrate (PMA,
a Mo-containing POM) >**. In this chapter, we developed an acid-resistance
polydopamine (PDA) coating >*° on the pre-synthesised ZIF-67 as a buffer layer to protect
ZIF-67 from PMA etching, and to synthesise PMA modified ZIF-67 composite
PMA@ZIF-67@PDA. Moreover, Tris-buffer solution for dopamine polymerisation is
further used to avoid drastic dissociation of the ZIF when the strong acidic PMA is
introduced. In this synthesis strategy, N-containing PDA can also act as another N source
for N-doping besides the organic linker 2-Methylimidazole (MeIM) in ZIF-67. Since the
PDA decorated on hydrophobic surfaces is less stable to acid medium than on hydrophilic
surfaces >*°, cetyltrimethylammonium bromide (CTAB) was added during the synthesis
of ZIF-67 in order to tune the hydrophobic surface of ZIF 3¢ into a hydrophilic surface.
Meanwhile, the addition of CTAB has led to the cubical morphology of ZIF-67 crystals.
In addition, PDA not only protects ZIF-67 from the strong acidity of PMA, but also
provides rich functional groups that have strong chelating capability with metal ions.
Therefore PDA can chelate with free PMA molecules as well as Co®" dissociated from
the ZIF, which results in an increased amount of active sites in the final derivatives. One-
step carbonisation and sulphurization of the as-synthesised PMA@ZIF-67@PDA at high
temperature in hydrogen sulphide atmosphere can generate bimetallic Co-Mo sulphide
supported on carbon nanocomposites. The optimised Co-Mo-S@N, S-doped porous
carbon composites exhibit significantly enhanced HER and OER performance compared

with the counterparts derived from ZIF-67 nanocubes. This synthesis approach can be
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further expanded to synthesise phosphotungstic acid (PTA)@ZIF-67@PDA, and the
corresponding derivatives are also good electrocatalysts with enhanced performance in

HER and OER.

5.2 Results and discussion

5.2.1 Characterization of the as-synthesized PMA@ZIF-

67@PDA nanocubes
As shown in Fig. 5.1, to obtain the precursor POM@ZIF-67@PDA nanocubes, cubical

ZIF-67 was first synthesised at room temperature via the hydrothermal method in the
presence of surfactant CTAB. ZIF-67@PDA nanocubes were then synthesised by
depositing a thin layer of PDA on the surface of the ZIF-67 nanocubes via in situ
polymerisation. Finally, POM (i.e. PMA or PTA) was introduced into the ZIF-67@PDA
solution. The acidic POM molecules can penetrate through the PDA coating layer outside
the ZIF-67 cubes and reach the ZIF-67 cubes, resulting in partly dissociation of the ZIF-
67 core. Meanwhile, the Co*" dissociated from the ZIF-67 by acid etching, as well as
some of the POM molecules were stuck in the PDA layer via functional group chelation.
The obtained POM@ZIF-67@PDA nanocubes were then subjected to one-step
carbonisation/sulphurization at high temperatures in H2S/Ar atmosphere to derive

bimetallic Co-Mo-S/N, S-doped porous carbon composites as HER and OER catalysts.

ZIF-67 ZIF-67@PDA POM@ZIF-67@PDA Co-Mo-S/N, S-doped
nanocube nanocube nanocube porous carbon
(e
8{}4{* H,S/Ar
—_ —_—

polymerization Heat

treatment

—
o © 4 M °
’f iﬁﬁ.g‘g‘
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K Hydrothermal synthesis j K Chelation dlssoaatv

Fig. 5.1 Diagram of the synthesis of POM@ZIF-67@PDA precursor and bimetallic N, S-doped

porous carbon composites.
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The SEM images (Fig. 5.2) of all the as-synthesised precursors present highly
uniform cubic nanoparticles with diameters of around 600 nm. The pristine ZIF-67
nanocubes (Z67) have a smooth surface compared to the other three PDA decorated
samples. With the PDA coating and the POM (i.e. PMA or PTA) modification, the
surfaces of the cubes have become rough and lumpy. TEM image (insert in Fig. 5.2A)
and elemental mapping (Fig. 5.3A) show that homogeneous ZIF-67 cubes are formed
with the help of surfactant CTAB. After the deposition of PDA, Z67-D is obtained with
a thin layer of PDA coated on the surface of the cubes (insert in Fig. 5.2B). An oxygen-
rich outer layer is found in the corresponding elemental mapping (Fig. 5.3B), which also
confirms the formation of PDA coating. With the incorporation of PMA, Mo-Z267-D
shows a well-defined cubical shape with a porous interior (insert in Fig. 5.2C). It is
believed that the acidic PMA molecules can penetrate through the acid-resistant PDA
coating °* and react with the acid intolerance ZIF core, leading to partial dissociation of
the ZIF-67 structure, which is consistent with the previous report 4*¢. Accumulation of
Mo, O and P elements are observed on the nanocube surface from the elemental mapping
in Fig. 5.3C, revealing that some PMA molecules have stuck in the coating layer via
chelation with PDA functional groups. It is likely that the chelation mechanism of the
PMA is as follows: At high pH (resulted from the tris-buff solution, pH=8.5), PMA may
undergo a series of hydrolysis reactions, leading to the formation of lacunary
phosphomolybdates 337338, Some of the negatively charged lacunary phosphomolybdates
and the sheded charged Mo species such as MoO4>" and MoO2** can then chelate with the
functional groups of PDA %% Moreover, a small amount of C and Co is found in the
outer layer of cubes as well, indicating that trace amounts of free Co*" from the

dissociation of ZIF-67 has chelated with coated PDA.
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Fig. 5.2 SEM and TEM images (inserts) of A) Z67, B) Z67-D, C) Mo-Z67-D and D) W-Z67-D.

Co

Fig. 5.3 Elemental mappings of A) Z67, B) Z67-D, C) Mo-Z67-D and D) W-Z67-D.

Elemental line scanning for individual cubic particles was conducted during TEM-

EDX analysis, re-affirm the effect of PMA on the morphology of the composite and the

chelation of PMA with the coated PDA. For Z67 (Fig. 5.4A), all the elements distribute
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evenly across the cubes. With PDA coating, small amounts of O and C is found at the
edge of the Z67-D cubes (Fig. 5.4B). The slightly uneven distribution of Co and C reveals
that PDA coating could lead to mild dissociation of ZIF-67, which has been reported
previously ''34!. The overlapped edge region of the Co and O spectrum indicates the
chelation of Co on coated PDA. On the other hand, the uneven distribution of Co, C, N
across the Mo-Z67-D in the line spectra (Fig. 5.4C) suggests that the PMA penetrates
through the PDA coating and generates cavities in the core by acid etching. Weak peaks
of O, P and Mo on the edge of cubes imply that some PMA molecules have chelated with
coated PDA. Whereas for W-Z67-D (Fig. 5.4D), elements O, P, W are mainly distributed
at the edge of the cubes and Co, C, N are mainly distributed in the middle of the cubes
with mild variation, which suggests that the majority of PTA molecules are chelated with

the coated PDA.
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Fig. 5.4 TEM images and elemental line profiles of A) Z67, B) Z67-D, C) Mo-Z67-D and D)
W-2767-D.

All the modified samples show characteristic XRD peaks of ZIF-67 (Fig. 5.5A),
indicating the basic ZIF-67 structure is retained in these modified samples irrespective of
the PDA coating or the introduction of PMA. Both Z67-D and Mo-Z67-D show a slight
decrease in the intensity of the characteristic diffraction peaks, possibly due to the partial
dissociation of ZIF core caused by PDA coating and PMA etching. The FT-IR spectra
(Fig. 5.5B) are in good agreement with the XRD results, revealing that the ZIF-67
structure is not significantly affected by the presence of CTAB, PDA coating and the
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PMA etching. Mo-Z67-D shows the characteristic peaks of both ZIF-67 and PMA,
confirming the successful introduction of PMA. The slight peak shift and splitting of the
PMA peaks of the modified structure are attributed to the change of chemical environment
528,332 and the dissociation of PMA itself due to the high pH value (pH=8.5) during the

synthesis process >’.
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Fig. 5.5 A) XRD patterns of the as-made 267, Z67-D, W-Z67-D and Mo-Z67-D; B) FT-IR spectra
of PTA, PMA and four as-made samples; C) Nitrogen sorption isotherms and the DFT pore size
distribution (insert) of the as-synthesized Z67, W-Z67-D and Mo-Z67-D.

Textural properties of the as-synthesised samples were analysed by nitrogen gas
sorption, and the obtained isotherms and pore size distributions are shown in Fig. 5.5C.
All samples exhibit typical type I isotherm based on the IUPAC classification, which is
associated with the microporous structure of ZIF-67 3**. Small hysteresis loops are
observed for Z67-D and Mo-Z67-D, possibly due to small amounts of micropores being
destroyed by the etching and hydrolysis of ZIF-67, which results in pores larger than 2
nm >*. The same conclusion can also be drawn from the pore size distributions of the
modified samples (insert in Fig. 5.5C), in which larger pores with a diameter of 2-8 nm

are observed. Moreover, macropores are found for the Mo-Z67-D sample at P/Po = 0.8
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34 suggesting the formation of hierarchical pores in this sample, which is in good

agreement with TEM results. The BET surface area (Sser) and total pore volume (Viotar)
of the as-synthesised samples are summarised in Table 5.1. The surface area drops from
1549 m? g'! for Z67 to 1123 and 1037 m? g! for Z67-D and Mo-Z67-D respectively.
While Z67-D shows no significant change in Viota, M0-Z67-D exhibits a prominent
increase in Viotat Which further confirms that large amounts of pores are generated due to
PMA etching. This observation is in good agreement with the above TEM results.

Table 5.1 BET surface area and total pore volume of the four as-made samples.

Sample 767 Z67-D W-Z67-D Mo-Z67-D
BET Surface Area, Sger (m? g!) 1549 1123 993 1037
Total pore volume, Vi (cm® g1)  0.85  0.87 0.80 1.84

5.2.2 Characterization of PMA@ZIF-67 derived

nanocomposites

Bimetallic Co-Mo-S/C nanocomposites can be readily produced via one-step
sulphurization/carbonisation of the as-synthesised Mo-Z67-D in H2S/Ar atmosphere at
three different temperatures with variable ramp rates. XRD patterns in Fig. 5.6A show
that these Mo-containing composites mainly present characteristic diffraction peaks
attributed to CoMoSs3.13 (JCPDS #16-0439), accompanied by a trace amount of M04O11
(JCPDS #13-0142) and Mo2S3 (JCPDS #40-0972). In contrast, Z67 derived sample CoS-
1000 only shows the characteristic peaks of Co1xS (JCPDS #42-0826), which is in good
agreement with our previous works **% 332 This confirms that CTAB surfactant, PDA
coating and the shape of the ZIF-67 crystal do not affect the composition of the pyrolysed
samples. The XRD patterns of Mo-Z67-D derived samples at various temperatures, and
heating rates are presented in Fig. 5.6B. It is found that the crystallinity of the metal
sulphides in the composites improved with elevated pyrolysis temperature and a slower
ramp rate. Moreover, there are more oxidised species in sample that is pyrolysed at 600
°C than those that is pyrolysed at 1000 °C. The shift of peak position and the broadening
of the asymmetrical peak (see Fig. 5.7A) of samples obtained at lower pyrolysis
temperature indicate that the metal sulphide in CoM0S-600 and CoMoS-600-10 possess

smaller crystal sizes, possibly due to the non-uniform lattice distortions and
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crystallographic defects >*. Obviously, the introduction of PMA prominently changes the
composition of the composites. It is worth mentioning that no diffraction peaks from
oxides are observable in the Z67 nanocube derived samples, but diffraction peaks for both
MoO2 (JCPDS #32-0671) and MoS: (JCPDS #37-1492) appear in sample PMA-C (Fig.
5.7B), implying that the oxygen element is likely originated from the coated PDA and
PMA molecules.
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Fig. 5.6 XRD patterns of A) CoS-1000, CoMo0S-1000-10 and CoMoS-1000 and B) samples
derived from Mo-Z67-D at 600, 800, 1000 °C with heating ramp rate of 10 and 2 °C min-1
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Fig. 5.7 A) XRD peak shifts and asymmetrical peak broadening observed in Mo-Z67-D derived
samples as the heat treatment temperature and heating ramp rate changed; B) XRD pattern of

PMA-C (PMA calcined at 800 °C in H2S/Ar atmosphere).

The Raman spectra of all the bimetallic Co-Mo-S/C samples (Fig. 5.8A and B)
exhibit broad peaks with pronounced G band and D band. The G band at around 1593 cm’
!'is associated with the in-plane stretching of the graphite lattice, whereas the D band at
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around 1342 cm’! indicates the presence of a disordered band caused by the breathing
mode of the graphite edges *7> 346 >¥7 These results indicate that the amorphous sp?-
hybridized carbon with a high density of defects dominates the carbon matrix originated
from the carbonisation of ZIF-67. Moreover, the degree of the graphitisation of carbon in
the composites can be estimated by the relative intensity between the two bands (i.e.
In/Ig). As shown in Table 5.2, the Ip/Ic ratio decreases with the increase of pyrolysis
temperature and slower heating ramp rate due to the formation of more graphitic carbon.
It is well recognised that the degree of graphitisation of carbon can affect the conductivity
of the carbon matrix >*® and hence alter the charge transfer kinetics of the composites,

which may contribute to the better electrocatalytic performance of the carbon-based

catalysts 431,
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Fig. 5.8 Raman spectra of A) CoMoS-600, CoMoS-800, CoMo0S-1000; B) CoMoS-600-10,
CoMoS-800-10, CoMoS-1000-10; C) CoWS-600, CoWS-800, CoWS-1000 and D) CoWS-600-
10, CoWS-800-10, CoWS-1000-10.

129



Table 5.2 Ip/Ig ratio of Mo-Z67-D and W-Z67-D nanocubes derived samples.

Precursor Mo-Z67-D W-Z67-D
Heat ramp
rate . . . .
. 10 °C/min 2°C/min | 10 °C/min 2 °C/min
Pyrolysis
temperature
600 °C 1.17 1.06 1.11 1.08
800°C 0.96 091 0.95 0.87
1000 °C 0.86 0.84 0.84 0.83

The morphology of the composites was first investigated by SEM. As shown in Fig.
5.9A, CoS-600 shows a nanocube morphology similar to the parental Z67. By increasing
the pyrolysis temperature to 800 °C, nanocubes with the concave surface are observed for
sample CoS-800 (Fig. 5.9B). Further increasing the pyrolysis temperature to 1000 °C,
sample CoS-1000 shows distorted concave nanocube morphology decorated with small
particles on the surface (Fig. 5.9C). In contrast, Mo-Z67-D derived CoMoS-600 shows
mixed morphologies (Fig. 5.9D) of nanocubes, nanocube fragments with cracks and
squared flakes. This observation further confirms that the PMA molecules not only
chelate with the coated PDA, but also penetrate through the PDA coating to the inner core
of the Mo-Z67-D leading to the etching of the inner core. The etching induced porous
core is prone to collapse even at low pyrolysis temperature. More nanocube fragments
decorated with small particles on the surface can be observed in sample CoMo0S-800 (Fig.
5.9E). As pyrolysis temperature increased to 1000 °C, all nanocubes collapsed, and larger

irregular particles appeared in sample CoMoS-1000 (Fig. 5.9F).
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mage

Fig. 5.9 SEM images of A) CoS-600, B) CoS-800, C) CoS-1000, D) CoMoS-600, E) CoMoS-

800, F) CoMoS-1000; TEM images of G) CoMoS-600, H) CoMoS-800, I) CoMo0S-1000 and J)
Elemental mappings of CoMoS-600 obtained from TEM.

The morphologies of Mo-Z67-D derived composites were further investigated by
TEM. As shown in Fig. 5.9G, large numbers of fine nanoparticles are formed at 600 °C,
which are evenly distributed in the carbon matrix. The elemental mappings of sample
CoMoS-600 in Fig. 5.9J show that all elements including C, O, S, Co, Mo and N are
evenly distributed throughout the carbon matrix, but no P element is detected in the
sample, possibly due to the high volatility of elemental phosphorus at high temperature.
When the pyrolysis temperature increases to 800 °C (Fig. 5.9H), the small particles

agglomerate to form larger particles with sizes up to 200 nm. Smaller particles are still
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embedded in the carbon matrix, while larger ones accumulate at the edge of the matrix.
For the sample obtained at 1000 °C (Fig. 5.91I), severe agglomeration is observed, and
most of the metal sulphide particles migrate away from the carbon matrix to form
aggregated large particles with sizes up to 500 nm. The elemental mappings of both
CoMoS-800 and CoMoS-1000 are shown in Fig. 5.10. Similar to the sample obtained at
600 °C, elements C, O, S, Co, Mo and N are detected for both CoM0S-800 and CoMoS-
1000 composites. The agglomerated metal sulphide particles are dominated by Co, Mo
and S elements, which is in good agreement with the aforementioned XRD results. Small
amount of thin flakes that mainly contain Mo and S are observed for the sample CoMoS-
1000, which may be the formed Mo2S3 particles >2. Based on the TEM-EDX results (see
Table 5.3), Co/Mo ratio for CoMoS-600 is approximately 4.6:1, very close to 4.5:1 for
the parental Mo-Z67-D.

Fig. 5.10 TEM elemental mappings of A) CoMoS-800 and B) CoMo0S-1000.

Table 5.3 TEM-EDX results and Co/Mo ratio of Mo-Z67-D and CoMoS-600.

Mo-Z67-D CoMoS-600

Element Atomic% Element Atomic%

C 50.35 C 45.21
Co 11.54 Co 14.62
Mo 2.51 Mo 3.28

Co/Mo 4.60 Co/Mo 4.46
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The fine microstructures of the Mo-Z67-D derived bimetallic Co-Mo-S/C
composites were studied via TEM and presented in Fig. 5.11. Comparing the samples
obtained at different temperatures (Fig. 5.11A, B and C), it is obvious that large numbers
of nanoparticles with maximum diameters of 20 nm are embedded in or supported on the
amorphous carbon matrix for sample CoMo0S-600. Higher pyrolysis temperature results
in remarkably increased particle sizes. As shown in Fig. 5.11A, A1, A2 and A3, sample
CoMoS-600 contains large amounts curved lattices and grain boundaries. The lattice
spacings of three kinds of nanoparticles are found as labelled in the images, where the d-
spacing of 0.56 nm corresponds to Mo4O11 °>; 0.54 nm belongs to Mo02S3 >**, while 0.62
and 0.29 nm are related to CoMoS3.13 . The interlayer distances of CoM0S3.13 vary in
the range of 0.62 —0.75 nm, which could be due to the formation of large amounts of
lattice distortion and defects in the 1-3 layers of CoMoSs3.13 crystals, which may benefit
the electrochemical performance >°% 7. SAED pattern in the insert of Fig. 5.11A
indicates the polycrystalline nature of sample CoMo0S-600 and that the CoMoSs3.13 is the
dominant crystalline phase of the composite. In samples CoMoS-800 and CoMoS-1000
(Fig. 5.11B and C), larger and thicker metal sulphide particles are clearly observed. The
high-resolution TEM image in Fig. 5.12A for sample CoM0S-800 shows that a more
intact CoMoS3.13 crystal structure is formed with an increased number of layers and
reduced interlayer distances (ranging from 0.62-0.66 nm). Compared to the composite
obtained at 600°C, sample CoM0S-800 exhibits fewer defects in the crystals. For sample
CoMoS-1000, most metal sulphides agglomerate to form large particles (Fig. S.12B and
C). Moreover, compared with samples CoM0S-600/800, sample CoMo0S-1000 exhibits
CoMoS3.13 crystals with further increased thickness inside the carbon matrix (Fig. 5.12D).
In addition, the interlayer distance of CoMo0S3.13 in sample CoMo0S-1000 is exactly 0.62
nm, indicating the reduction of defects at high pyrolysis temperature. Graphitic carbon is
observable in CoM0S-1000, as shown in Fig. 5.12E. These TEM observations are well

in line with the above XRD results.
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Fig. 5.11 TEM images of A) CoMoS-600, B) CoM0S-800 and C) CoM0S-1000. The insert in A)
is the SAED pattern of CoMoS-600. A1), A2) and A3) are high resolution TEM images of
CoMoS-600.
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Fig. 5.12 High resolution TEM images of A) CoMoS3.13 and Mo0,S; crystals in CoMoS-800;
agglomerated B) CoMoSs 13 crystal and C) Mo,S; crystals in CoMoS-1000; D) fine CoMoS3.13
crystal on the carbon matrix of CoMoS-1000 and E) graphitic carbon in CoMo0S-1000.

Texture properties of the three Co-Mo-S/C composites obtained at different
pyrolysis temperatures are summarised in Table 5.4. Both BET surface area and total
pore volume are in the order of CoM0S-800 > CoMoS-1000 > CoMoS-600, with CoMoS-
800 possessing the highest surface area and pore volume, which can benefit mass and ion

transportation during the electrochemical reactions.
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Table 5.4 Textural properties of Co-Mo-S/C samples obtained from N, sorption analysis.

Sample CoMoS-600 CoMoS-800 CoMoS-1000

BET surface area
(m2 g™

Total pore volume

76 147 128

‘o 0.21 0.48 0.26
(em”g™)
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Fig. 5.13 A) XPS element survey and B) high-resolution P 2p spectra of samples CoS-800,
CoMo0S-600, CoMo0S-800 and CoMoS-1000.

The surface chemistry of the samples was analysed by XPS. The XPS element
survey is presented in Fig. 5.13A, which confirms the presence of O, C, N, S and Co in
the samples derived from both the Mo-modified and PDA decorated ZIF67 and the
pristine Z67, whereas the Mo element only appears in the Mo-modified samples. This is
consistent with the XRD and elemental mapping results. In addition, only a trace amount
of P is detected in sample CoMoS-600, which is negligible in composites CoMoS-800
and CoMoS-1000 (Fig. 5.13B) due to the high volatility of the elemental P during the
pyrolysis. This small amount of P may lead to extra active sites in the Co-Mo-S/C
composites, which contributes to the extraordinary electrochemistry performance of the
composites % 3%,

High-resolution XPS spectra of Mo 3d for samples CoMoS-600, CoMo0S-800 and
CoMoS-1000 are presented in Fig. 5.14A. The peak at ca. 227 eV is assigned to the S 2s
peak due to the overlapping of Mo 3d and S 2s. Three doublets at around 229.4/232.5 eV,
231.8/234.9 eV and 233.4/236.5 eV are assigned to Mo 3ds;2 and 3d32 peaks of Mo*",

Mo’ and Mo®" respectively, which are close to those previously reported binding
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energies °% with the spin-orbital splitting of 3.1 eV *¢!. As the pyrolysis temperature
increases, the amount of Mo®* and Mo>* decreases while that of Mo*" increases. The high
intensity of Mo*" peaks in all samples evidences the presence of CoMoS3.13 3> 362,
Interestingly, the binding energy of the Mo*" 3ds/2 peak for sample CoMo0S-600 redshifts
0.3 eV compared to that of samples CoMoS-800 and CoM0S-1000, revealing the increase
in electron density around Mo due to the electrons transferred from the less
electronegative Co to Mo %2, resulting in a stronger interaction between Co and Mo in

CoMoS-600, which is beneficial to its electrochemistry performance 3%*
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Fig. 5.14 High-resolution XPS spectra of A) Mo 3d, B) Co 2p, C) S 2p and D) N 1s for CoMoS-
600, CoMo0S-800 and CoMoS-1000.

Moreover, the XPS spectra of Co 2p for all the CoMoS samples are presented in
Fig. 5.14B. The Co 2p peaks can be deconvoluted into three Co 2p3.2 and 2pi1/2 doublets
with the spin-orbit splitting of 16 eV. The peaks that appeared at around 781.9/798.0 eV
ascribed to 2p32 and 2p12 of Co®' respectively 332, whereas the doublets at around
783.2/799.1 eV represent Co with a higher oxidation state, which is reduced as pyrolysis
temperature increases. The latter can be ascribed to the formed intermediate cobalt oxide

species 7% at low pyrolysis temperature, and Co-Nx species > that originate from the
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combination of Co ions with N element from PDA and MeIM. It is believed that OER
performance can be enhanced by the presence of Co-Nx 3% 366367 The last pair of doublets
at around 787.2/803.5 eV are the shake-up satellite peaks of Co 2p.

Furthermore, high-resolution XPS spectra of S 2p are presented in Fig. 5.14C.
Peaks at around 162.2/163.4 eV correspond to the 2p32 and 2p12 of S* °¥2, confirming the
formation of Co-Mo-S phase. The other set of doublets at 163.4/164.5 eV is attributed to
the C-S-C bond %% 3 indicating the doping of the S element in the carbon matrix. It is
obvious that an increased amount of S doped in the carbon matrix at low pyrolysis
temperature results in enhanced modification of electronic structure and improved
catalytic active sites, which are expected to improve the HER and OER performance. The
doublets at 169.1/170.4eV are attributed to oxidised S species, which is partly due to the
intermediate oxide formed during the pyrolysis and partly due to the surface oxidation of
the samples during the XPS inspection 328 33% 370,

Lastly, the N 1s spectra of the composites are shown in Fig. 5.14D. Except for the
Mo 3p peak at around 395.4 eV, the N 1s spectra can be deconvoluted into three peaks at
around 398.8, 400.5 and 401.3 eV, which can be assigned to pyridine N, pyrrolic N and
graphitic N, respectively >°°. These N species indicate that the carbon matrix in the Co-
Mo-S/C composites has been doped by N element, which can change the electronic
structure of neighbouring carbon atoms, promoting the formation of increased catalytic
active sites that can improve the HER and OER activities ! 332, Similar to S-doping, the

level of N-doping in the composites decreases with increasing pyrolysis temperature.

5.2.3 Electrochemistry performance of Co-Mo-S/C composites

The hydrogen evolution reaction (HER) performance of all the Mo-Z67-D derived
samples were evaluated in 0.5 M H2SO4 electrolyte with a three-electrode setup. The
benchmark HER catalyst 20% Pt/C as well as Z67 derived CoS-600 are also assessed for
comparison. As shown by the linear sweep voltammograms (LSV) curves in Fig. 5.15A,
the onset potential (Nonset) and overpotential to achieve current density of 10 mA cm™ (110)
for sample CoMoS-600 is -0.167 and -0.235 V respectively, apparently lower than that
of samples CoM0S-800 (1onset = -0.206 V, nio = -0.274 V) and CoMo0S-1000 (Nonset = -
0.251 V, nio=-0.327 V). Compared with CoS-600 (Nonset = -0.205 V, nio = -0.359 V),
CoMoS-600 shows a 38 mV and 124 mV more positive in onset potential and nio
respectively, which indicates that the introduction of PDA coating and PMA molecules

have introduced a large number of active sites into the derived composites.
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Moreover, the reaction kinetics of the catalysts are estimated by linear fitting of
Tafel plots (Fig. 5.15B) derived from the polarization curves. Generally, the smaller the
Tafel slope, the faster the reaction kinetics. A dramatic improvement in Tafel slope is
observed for CoM0S-600 (65.50 mV dec™!) compared to its Mo-free counterpart (153.24
mV dec™). Interestingly, sample CoMoS-800 shows a slightly smaller Tafel slope (61.47
mV dec™!) than sample CoMoS-600, possibly due to the much higher surface area and the
better conductivity of the graphitised carbon matrix of CoMoS-800. However, overall
CoMoS-600 still shows the best performance among all Mo-containing composites since
the electrocatalytic activities of the bimetallic Co-Mo-S/C composites are the synergistic
coordination effect of the graphitisation degree of the carbon matrix, the exposed active
sites originated from the ultra-small nanoparticles and the amount of heteroatoms N, S
and even P doping in the carbon matrix.

The electrochemical impedance spectroscopy (EIS) of the Co-Mo-S/C composites
were examined to evaluate the kinetic difference of the catalysts. As shown in the Nyquist
plot (Fig. 5.15C), all samples show depressed semi-circles, which can be modelled by an
equivalent circuit consisting of series resistance (Rs), a constant phase element (CPE) and
a charge-transfer resistance (Rct). Sample CoMoS-600 exhibits the smallest Ret of 54.75
Q than that of CoM0S-800 (62.96 Q) and CoMoS-1000 (86.92 Q), which possesses a
higher degree of graphitisation and a better conductive substrate. This indicates that,
firstly, sample CoMoS-600 possesses a better electron transferability at the interface
between the electrocatalyst and the electrolyte; secondly, the number of exposed active
sites from the ultra-small defect-rich nanoparticles are the dominant factor towards faster

HER process for sample CoMoS-600.
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Fig. 5.15 A) HER polarization curves and B) corresponding Tafel plots of benchmark 20% Pt/C,
CoS-600, CoMoS-600, CoM0S-800 and CoMoS-1000; C) EIS of CoMo0S-600, CoM0S-800 and
CoMoS-1000 and D) Polarization curves of CoM0S-600 before and after 1000 CV cycles in 0.5
M H,SOs4. All polarization curves are iR corrected. EIS spectra recorded at 1119, measured in the

frequency range of 10"'-10* Hz.

In addition, the long-term stability of sample CoMoS-600 was also evaluated by the
polarization curves before and after 1000 cyclic voltammetry (CV) cycles. Fig. 5.15D
shows that the difference between the two polarization curves is negligible, which
suggests good stability for sample CoMoS-600.

The oxygen evolution reaction (OER) catalytic activities of these bimetallic Co-
Mo-S/C composites were examined in Oz saturated 1 M KOH electrolyte at 1600 RPM,
and the results are presented in Fig. 5.16A. All the Co-Mo-S/C composites exclusively
exhibit dramatically improved OER performance compared to that of CoS-600 and the
benchmark IrO: catalysts. Sample CoMo0S-600 displays OER performance of nonset=0.248
V and n10=0.350 V, while sample CoMo0S-800 exhibits OER performance of 1onset=0.293
V and n10=0.359V, which are significantly lower than that of sample CoMoS-1000
(Monset=0.340 V, 110=0.396 V). Compared with Mo-free sample CoS-600 (Nonset=0.409 V,
n10=0.481 V), sample CoMo0S-600 shows a prominent improvement of 161 mV downshift
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in onset potential and 131 mV decrease in nio, which indicates that the introduced Mo-
containing active sites are favourable for OER performance.

Moreover, the reaction kinetics of the catalysts towards OER are demonstrated in
Fig. 5.16B. Sample CoMo0S-800 exhibits a slightly faster reaction kinetics than sample
CoMoS-600, as indicated by the smaller Tafel slope. However, overall sample CoMoS-
600 is the best performed OER catalyst among the three Mo-containing composites. EIS
of these Co-Mo-S/C composites were examined and fitted with a similar equivalent
circuit used for the above HER (Fig. 5.16C). Sample CoMo0S-600 exhibits the smallest
Ret of 45.1 Q amongst the three Co-Mo-S/C samples, indicating that CoMoS-600

possesses the highest electron transferability in the OER process.
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Fig. 5.16 A) OER polarization curves and B) corresponding Tafel plots of the benchmark IrO,,
CoS-600, CoMoS-600, CoM0S-800 and CoMoS-1000. C) EIS of CoMo0S-600, CoM0S-800 and
CoMoS-1000. D) Polarization curves of CoMo0S-600 before and after 1000 CV cycles in 1 M
KOH. All polarization curves are iR corrected. EIS spectra recorded at 1m0, measured in the

frequency range of 10"'-10* Hz.

Furthermore, the stability of the best-performed sample, CoMo0S-600, was also
evaluated, and the polarization curves before and after 1000 CV cycles results are

presented in Fig. 5.16D. A 0.01V decrease in mio is observed, implying a mild
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improvement in OER activities after 1000 CV cycles. Moreover, XRD and SEM of the
sample CoMoS-600 after 1000 CV cycles of OER measurements (see Fig. 5.17A and B)
still show the same characteristic peaks and morphologies without obvious difference
compared with the original sample, which further confirms the stability of the catalyst.
It is worth noting that the Co-Mo-S/C composites derived from Mo-Z67-D at a
heating ramp rate of 2 °C min™' generally exhibit slight better electrocatalytic HER and
OER performance than those obtained at a heating ramp rate of 10 °C min™' (Fig. 5.18A
and B). This may be due to the relatively higher level of graphitisation of the carbon
matrix obtained at a slower heating ramp rate (Table 5.2), which provides a relatively
better charge transferability during the electrocatalytic process compared to the sample

obtained at a fast heating ramp rate.

— CoMoS-600
—— CoMoS-600 after 1000 CV cycles A

Intensity (a.u.)

0 20 30 40 50 60
2theta (degree)

Fig. 5.17 A) XRD pattern of MoCoS-600 before and after 1000 CV cycles, B) SEM image of
MoCoS-600 after 1000 CV cycles.
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Fig. 5.18 A) HER and B) OER polarization curves of Mo-Z67-D derived Co-Mo-S/C composites
obtained at different pyrolysis temperatures and two different heating ramp rates; C) HER and D)
OER polarization curves of W-Z67-D derived Co-W-S/C composites obtained at different

pyrolysis temperatures and two different heating ramp rates.

Based on the electrocatalytic performance and the material characterisation results,
the remarkable improvement in electrocatalytic performance of the bimetallic Co-Mo-
S/C composite obtained at 600°C can be ascribed to the synergistic effect of following
factors: 1) the evenly distributed ultra-small defect-rich Co-Mo-S phase nanoparticles that
maximise the active-surface-area-to-volume-ratio and increase the number of exposed
active sites; the abundant lattice distortions, defects in the ultra-small nanoparticles are
active sites for HER and OER 323 324; 2) heteroatoms including S element from HaS gas,
as well as N element from PDA coating and organic linker in ZIF-67, even trace amount
of P derived from PMA, lead to heteroatom N and S-doped composites, which modulates
the electronic structure of neighbouring C atoms and provides enhanced active sites for
HER and OER 33!:332; 3) the strong interaction between Co and Mo in the Co-Mo-S phase
improve the electron conductivity o the composites and is favourable for the charge

transfer during the electrocatalytic reaction *%%%%3; and 4) the porous carbon support offers
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high surface area and provides access routes to the reaction active sites, facilitate the easy

mass transportation during the electrocatalytic reaction 2% 33,

5.2.4 Characterization and electrocatalytic performance of
bimetallic Co-W-S/C composites derived from PTA@ZIF-
67@PDA nanocubes

The same synthesis approach is further expanded to synthesise phosphotungstic acid
(PTA)@ZIF-67@PDA to demonstrate the generalisation of this material synthesis
method. As shown in Fig. 5.2D, the TEM image of the as-obtained PTA@ZIF-67@PDA,
1.e. W-Z67-D, shows a slightly different morphology from the parental Z67-D sample
that lamellar petal-like W-PDA complex with greater thickness is coated on the cubes
with random free-end protruding, no hollow cavity is observed in the core. Obviously, no
observable dissociation of ZIF-67 occurred. The presence of homogeneous and intact core
in W-Z67-D indicates that the addition of the same weight amount of PTA does not etch
the core of the composite nor alter the structure and morphology of ZIF-67. The elemental
mappings of W-Z67-D (Fig 5.3D) show that O, P and W elements mostly accumulate on
the surface of the nanocubes, whereas N and Co elements distribute evenly across the
cubes, indicating that majority of PTA molecules are chelated with the coated PDA. The
corresponding elemental line scanning (Fig. 5.4D) also supports this conclusion. Both
XRD patterns (Fig. 5.5A) and FT-IR spectra (Fig. 5.5B) support that the PTA has been
successfully introduced into the PDA decorated ZIF-67 composites without changing the
structure of ZIF-67. W-Z67-D possesses a Sset close to that of Z67-D, suggesting that
PTA etching does not occur and extra hierarchical pores are not generated by the
introduction of PTA.

The as-synthesised W-Z67-D was also subjected to similar heat treatments applied
to Mo-Z67-D. XRD patterns in Fig. 5.19A show that the derived samples are mainly
composed of Coi-xs (JCPDS #42-0826) and WSz (JCPDS #08-0237), whereas only Coi-
xS (JCPDS #42-0826) is observed in the Z67-D derived composite. Similar to Mo-Z67-
D derived composites, high heat treatment temperatures and slow heating ramp rates
result in metal sulphides with better crystallinity and larger grain size, which is supported
by the narrower and sharper characteristic diffraction peaks of the obtained composites
(Fig. 5.19B). The detailed XRD patterns (Fig. 5.19C) suggest that the change of the
asymmetrical main peaks and the shift in peak position are clearly observed, which may

be due to the lattice distortions and crystallographic defects of the crystalline components.
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It is worth noting that the direct heat process of pure PMA and PTA powder in H2S/Ar
leads to distinct different samples: PMA-C (Fig. 5.7B) exhibits mixed composition
phases including metal dichalcogenides and metal oxide, whereas PTA-C (Fig. 5.19D)
only consists of pure metal dichalcogenides phase. This difference is also reflected in the

compositions of the PMA/PTA modified Z67-D derivatives.
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Fig. 5.19 XRD patterns of A) CoS-1000, CoWS-1000-10 and CoWS-1000, B) W-Z67-D derived
Co-W-S/C samples obtained at different pyrolysis temperatures and ramp rates, C) enlarged XRD
peak shifts of W-Z67-D derived Co-W-S/C samples at different heat treatment temperatures and
ramp rate and D) PTA-C.

The Raman spectra (Fig. 5.8C and D) of the W-Z67-D derivatives and their In/Ig
ratios (Table 5.2) are similar to the Mo-Z67-D derivatives, and slower heating ramp rate
results in a higher degree of graphitisation of the carbon matrix. Compared with Mo-Z67-
D derived composites, W-Z67-D derived Co-W-S/C composites show a similar
agglomeration and crystallisation trend as the pyrolysis temperature increases.

TEM images of Co-W-S/C composites are presented in Fig. 5.20. At 600 °C (Fig.
5.20A and A1), small nanocrystals of size around 20 nm are formed on the carbon matrix,

without observable agglomerated large crystals at the edge of the carbon support. At 800
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°C (Fig. 5.20B), agglomeration of Coi1xS crystals and WS: flakes are observed. The size
of the small nanocrystals in the carbon matrix turns larger and thicker, with maximum
diameters around 50 nm (Fig. 5.20B1). When the pyrolysis temperature increases to 1000
°C (Fig. 5.20C), most metal compounds are separated from the carbon matrix and
agglomerated into large Co1xS spheres with average diameters of 200 nm, accompanied
with WSz flakes with diameter up to 400 nm and thickness up to 40 nm. Moreover, large
amounts of ultra-small crystals with sizes under 5 nm remain in the carbon matrix (Fig.
5.20C1), which allow more exposed active sites during the electrochemical process,
contributing to the enhanced OER performance of the CoWS-1000.

The crystallinity of the WS improves at elevated pyrolysis temperature, leading to
the transformation of the lattice spacing as shown in Fig. 5.20A2, B2 and C2. Obviously,
fewer defects exist in the crystal of the composites obtained at higher pyrolysis
temperature, which can cause deterioration in electrochemistry performance, as suggested
by Ling et al. °’!. However, unlike the defect-rich sample CoMoS-600, which outperforms
the CoMo0S-800 in HER performance, sample CoWS-800 displays better HER activity
than the defect-rich CoWS-600. It may be due to the fact that graphitic carbon was formed
in CoWS-800 (Fig. 5.20B2 insert), whereas no graphitic carbon was observed in CoMoS-
800 (Fig. 5.12A). This difference in the degree of graphitisation is also verified by the
corresponding Ip/Ig value, as shown in Table 5.2. TEM elemental mappings of Co-W-
S/C samples are shown in Fig. 5.21. Elements C, O, S, Co, W and N are found in all three

composites, and all elements distribute evenly throughout the composites.
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Fig. 5.20 TEM images of A) & Al): CoWS-600, B) & B1): CoWS-800 and C) & C2): CoWS-
1000; high resolution TEM image of A2): CoWS-600, B2): CoWS-800 and C2): CoWS-1000.
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Fig. 5.21 TEM elemental mappings of A) CoWS-600, B) CoWS-800 and C) CoWS-1000.
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Unsurprisingly, Co-W-S/C composites also show enhanced electrocatalytic
activities towards HER and OER but with completely different performance orders for
the samples (Fig. 5.22 and Table 5.5). The HER LSV curves and Tafel slopes are present
in Fig. 5.22A and Fig. 5.22B. Composite CoWS-800 shows the smallest onset potential
of -0.171 V, an overpotential of -0.240 V to achieve the current density of 10 mA cm™
and Tafel slope of 71.13 mV dec!, which is much smaller than those of W-free CoS
composites obtained under the same heat treatment conditions. EIS of three Co-W-S/C
samples shows Ret of 171.5 Q, 54.89 Q and 72.35 Q, respectively for samples CoWS-
600, CoWS-800 and CoWS-1000 (Fig5.22 C), revealing that sample CoWS-800
possesses the fastest electron transfer rate at the electrode material and electrolyte
interface. It is believed that the improved HER performance of CoWS-800 is due to the
synergistic effect of highly graphitised carbon matrix (see Raman spectra in Fig. 5.8 and
In/IG ratio in Table 5.2) and large numbers of small WS2 and Co1xS nanoparticles that
are encapsulated in or supported on the conductive carbon matrix (see TEM images in
Fig. 5.20B).

On the other hand, composite CoWS-1000 shows the best OER activity amongst
the Co-W-S/C composites, as indicated by the smallest onset potential of 0.293 V, an
overpotential of 0.352 V to realise a current density of 10 mA cm and Tafel slope of
55.85 mV dec’!, as shown in Fig. 5.22E and F. Moreover, sample CoWS-1000 exhibits
the smallest semi-circle in the Nyquist plot (Fig. 5.22G), indicating the fastest electron
transferability of this sample. It is likely that the ultra-small nanoparticles (< 5 nm, as
shown in Fig. 5.20C1 and C2) embedded in the carbon matrix after 1000 °C heat
treatment is the key toward the excellent OER performance of this composite. In contrast,
no such kind of ultra-fine nanoparticles is observed in sample CoMoS-1000. Both HER
and OER results are consistent with the performance of one-pot synthesised POM@ZIF-
67 derived WS2/Co1xS/N, S co-doped porous carbon reported in Chapter 4.
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Fig. 5.22 A) HER polarization curves and B) corresponding Tafel plots of the benchmark 20%
Pt/C, CoS-800, CoWS-600, CoWS-800 and CoWS-1000; C) EIS of CoWS-600, CoWS-800 and
CoWS-1000; D) Polarization curves of CoWS-800 before and after 1000 CV cycles. All
polarization curves are iR corrected and obtained in 0.5 M H,SO;, electrolyte; E) OER polarization
curves and F) corresponding Tafel plots of the benchmark IrO,, CoS-600, CoWS-600, CoWS-
800 and CoWS-1000; G) EIS of CoWS-600, CoWS-800 and CoWS-1000; H) Polarization curves
of CoWS-600 before and after 1000 CV cycles. All polarization curves are iR corrected and
obtained in O,-saturated 1 M KOH electrolyte. EIS spectra recorded at nio, measured in the
frequency range of 10"'-10* Hz.
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Table 5.5 HER and OER electrochemical performance of Co-W-S/C composites.

Onset potential ~ Overpotential  Tafel slope Charge
HER @1 mA cm? @ 10 mA cm?  (mV dec?) transfer
(Monsets V Vs. (Mo, V vs. resistance
RHE) RHE) Ree, Q)
20% Pt/C -0.047 -0.050 30.00 -
CoS-800 -0.021 -0.291 87.48 -
CoWS-600 -0.021 -0.442 285.64 171.50
CoWS-800 -0.171 -0.240 71.13 55.85
CoWS-
1000 -0.237 -0.311 80.23 72.35
Onset potential Overpotential  Tafel slope Charge
OER @1 mA cm? @10 mA cm?  (mV dec?) transfer
(Monsets V VS. (Mo, V vs. resistance
RHE) RHE) (Rety ©)
IrO; 0.349 0.418 54.00 -
CoS-1000 0.340 0.398 65.16 -
CoWS-600 0.377 0.436 72.67 140.40
CoWS-800 0.307 0.375 66.51 71.48
CoWS-
1000 0.293 0.352 55.85 37.40

It is believed that the different order of performance between PMA and PTA@ZIF-
67@PDA derivatives is due to 1) the different types of active sites in the composites and
i1) the different morphologies of the composites derived under the same temperature.
However, the effect of the heating ramp rate on the electrocatalytic performance of the
Mo-Z67-D derived samples and W-Z67-D derivatives are the same. That sample obtained
at a slow heating ramp rate shows a slightly better electrocatalytic performance (Fig. 5.18
C and D). It is again likely due to the relatively higher degree of graphitisation of the
carbon matrix obtained at a slower heating ramp rate (Table 5.2) that provides a relative

better charge transferability during the electrochemical reaction process.
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5.3 Summary

In summary, we have successfully developed a generalised approach to synthesise both
HER and OER active, defect-rich ultra-fine bimetallic Co-Mo sulphide nanoparticles
supported on N, S-doped porous carbon composites from PMA@ZIF-67@PDA
nanocubes via carbonisation/sulphurization. PDA decorating on ZIF-67 cubes can
prevent the over-dissociation of ZIF-67 from PMA etching by chelating with the PMA
molecules, and acts as an additional N source for N-doping. Moreover, the partially
dissociated Co?* from ZIF-67 can be captured by the coated PDA via chelation, resulting
in more evenly dispersed active sites throughout the heterogeneous composite after
pyrolysis. The resulting bimetallic CoMoS-600 composite exhibits remarkable
improvement in HER (with overpotential of -0.235 V vs. RHE at current density of 10
mA cm? and Tafel slope of 65.50 mV dec!) and OER performance (with overpotential
of 0.350 V vs. RHE at current density of 10 mA cm™ and Tafel slope of 64.32 mV dec’
1. The outstanding performance can be attributed to the synergistic effect of ultra-fine
and defect-rich Co-Mo-S nanoparticle exposed active sites and N, S-doped porous
carbons in the composites. Moreover, HER and OER active W-containing bimetallic Co-
W-S/C composites can be readily obtained by replacing PMA with PTA, proving the
universality of this synthesis approach. Compared with the Mo-containing
nanocomposites, the W-containing nanocomposites did not show analogical
compositions, despite similar elemental properties W and Mo shared, analogue precursors
used in synthesis, and the same heat treatment conditions employed. Different types of
compounds and compositions clearly lead to different active sites and reaction
mechanisms, as revealed by the optimised catalysts obtained under different heat
treatment temperatures. Nevertheless, this work offers a new synthesis strategy to modify
acid-sensitive ZIFs with acidic compounds, providing an alternative approach to develop
other advanced metal sulphides/porous carbon functional materials for energy and

environmental applications.

151



Chapter 6 Bimetallic Fe-Mo sulphide/carbon
nanocomposites derived from POM@MIL-100

6.1 Introduction

The fast-growing global energy consumption has urged the development of novel and
sustainable alternative energy solutions. Hydrogen (H2) is the most promising, zero-
emission clean energy due to its vast and easily accessible reserves. To bring the produced
clean Hz energy into large-scale practical utilisation, it is pivotal to develop cost-effective
and stable electrocatalysts. A growing amount of heterogeneous, non-precious metal-
based HER catalysts have emerged in the past years 2.

In particular, MoS2 has shown great potential as a promising electrocatalyst for
HER #%. Initially, bulk MoS2 was considered inactive catalysts due to the extremely high
hydrogen adsorption free energy ((AGr) of 1.92 eV at its basal plane >7. It was later
proved by both theoretical simulations and experimental discoveries that the metallic
edge sites of the MoS: (i.e. Mo-edge) are active in HER for water splitting 37437, With
the AGn close to zero °’°, the number of edge sites exposed in MoS: significantly
increased, which results in enhanced electrocatalytic HER activity of the material. Indeed,
significant progress has been made in this exciting field that abundant edge-exposed
nanostructured MoS: has been developed to achieve better electrocatalytic HER
performance 72,

Moreover, the catalytic activity of MoS: can be further improved via activation of
the theoretically inactive basal plane and its S-edge >’’. The report has suggested that
incorporating transition metal ions such as Co, Ni and Fe into the edge sites can reduce
the AGn of the S-edge, therefore improving its electrocatalytic HER activity. Meanwhile,
doping metal ions such as Co*" or Zn** into MoS: in-plane can decrease the electron
number of the S atom to compensate for the mismatching of the energy levels, thus
enhancing the adsorption of H and increasing the HER activity >’®°7°. Hakala et al. carried
out DFT calculations and found that in-plane doping of MoS: with Fe, Co, Ni, Cu, Pd and
Pt could bring the AGn of the MoS:2 at S sites towards the optimal adsorption condition,
which could be beneficial to electrochemistry applications °%°. On the other hand, iron
sulphide-based materials including FeS ! FeS», Fe3Ss, FeoSi0 °%? and FesSs 3*° have
shown electrocatalytic activity for HER in water splitting. Therefore some composites

such as FeS2@MoS2/rGO **, Fe-MoS: **°, Fe-MoS:2 nanoflower *%¢, Fe1x<S/MoS2°%” and
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FeS@MoS2/CFC °* have been further developed and shown great potential in
electrochemical energy applications.

In this chapter, the in situ encapsulation strategy demonstrated on the ZIF-based
composite in Chapter 4 was applied to an iron-containing metal-organic frameworks
(MOFs), MIL-100, which contains two types of confined pores with diameters of 25 and
29 A and corresponding pore apertures of 5.5 and 8.6 A, respectively *°, to synthesis
phosphomolybdic acid (PMA)@MOF guest/host composites. These PMA@MIL-100
composites are an excellent precursor to provide sources of molybdenum, iron and carbon
simultaneously. Bimetallic Fe-Mo sulphide/S-doped carbon nanocomposites were
successfully fabricated by treating the composites in the H2S atmosphere, and exhibit

good electrocatalytic activity for hydrogen generation from water splitting.

6.2 Results and discussion

6.2.1 Characterization of the as-made PMA@MIL-100

The parental PMA@MIL precursor was first synthesised via a simple one-pot
hydrothermal method by ageing a mixture solution of Trimethyl-1, 3, 5-
benzenetricarboxylate (Me3btc), FeCls and calculated amount of phosphomolybdic acid
hydrate (PMA) in H20 at 130 °C for 72 hours. The as-synthesised PMA@MIL was then
subjected to high-temperature pyrolysis in H2S/Ar atmosphere to generate the target Fe-
Mo bimetallic sulphide/carbon nanocomposites. The whole process is shown in the

schematic diagram in Fig. 6.1.
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Fig. 6.1 Schematic diagram of the synthesis of Fe-Mo bimetallic sulphide/carbon composites.

Powder X-ray diffraction (XRD) of all the PMA-containing samples (Fig. 6.2A)
show pronounced MIL-100 characteristic peaks, but the intensity of the characteristic
peaks at 3° to 8° decreases or eventually disappears with the increasing amount of PMA.
Obviously, introducing a high amount of PMA into MIL-100 is detrimental to the
structures of PMA@MIL composite, which is consistent with the previous report .
Moreover, no XRD peaks from PMA were observed regardless of the amount of PMA in
PMA@MIL composite, suggesting that amount of PMA 1is too small to be detected by
XRD, or PMA are fully confined in the pores of MIL-100 and completely shielded from
the X-ray. FT-IR spectra (Fig. 6.2B) of all the PMA@MIL samples show the
characteristic bands of MIL-100 and four notable characteristic bands of PMA located at
1060, 959, 878, 813 cm’! respectively 3°!, revealing the successful introduction of PMA.
It is worth noting that with the increasing amount of PMA in the PMA@MIL composite,
the relative intensity of the characteristic peaks of PMA increases, though those
characteristic peaks shift slightly due to the effect of the complex chemical environment
of the MIL-100. Thermogravimetric analysis (TGA) curves of MIL-100 and PMo@MIL-
100 samples carried out in air are presented in Fig. 6.2C. The residual weight of the
samples increased with the amount of PMA introduced during the synthesis, indicating
more PMA molecules, and therefore more Mo species were introduced into the

PMA@MIL composites.
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Fig. 6.2 A) XRD patterns, B) FT-IR spectra, C) TGA curves, D) Nitrogen sorption isotherms and
E) pore size distribution of pristine MIL-100 and as-made PMA@MIL with different PMA

contents. For comparison, the FTIR of pure PMA is also included in B).

Nitrogen sorption isotherm curves of the samples measured at 77 K are shown in
Fig. 6.2D, and their textural properties are summarised in Table 6.1. The pristine MIL-
100 sample shows the highest BET surface area of 1941 m? g!, while the PMA@MIL
composites exhibit dramatically decreased surface area with the increased amount of
PMA introduced. The composite 3-PMA@MIL with the highest PMA content display
the lowest specific surface area of 619 m? g!. Pore size distribution (Fig. 6.2E) of the

pristine MIL-100 displays a dominated peak at around 2-3 nm, while the PMA@MIL
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composites exhibit fewer pores at around 2-3 nm due to the encapsulation of PMA in the
pores of MIL-100. The total pore volumes of PMA@MIL also decrease remarkably
compared to that of MIL-100 due to the blockage of pore channels by the encapsulated
PMA as well as the added weight from the heavy PMA molecules. Both SEM images and
TEM images (see Fig. 6.3) of pristine MIL-100 and 1-PMA@MIL do not show any
significant difference in morphology and local structure. Moreover, the TEM elemental
mappings for pristine MIL-100 and 1-PMA@MIL (Fig. 6.4) indicate the homogeneous

distribution of all the elements in both samples.

Table 6.1 Textural properties of MIL-100 and PMA@MIL-100 samples.

Sample MIL-100 1-PMA@MIL 2-PMA@MIL 3-PMA@MIL
Surface area

(m? g 1941 1213 795 619
Pore volume

(em? g 1.39 1.02 0.71 0.57

Fig. 6.3 Representative SEM images of as-made A) MIL-100 and B) 1-PMA@MIL,
representative TEM images of as-made C) MIL-100 and D) 1-PMA@MIL.
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Fig. 6.4 TEM elemental mappings of A)1-PMA@MIL and B) MIL-100.

6.2.2 Characterization of the carbon-based composites derived

from PMA@MIL-100

Fig. 6.5A shows the XRD patterns of the composites obtained via the pyrolysis of pristine
MIL-100 and 1-PMA@MIL in H2S atmosphere under three different temperatures: 600,
800 and 1000 °C. While the XRD for MIL-100 derived composites exclusively show
characteristic diffraction peaks attributed to the FesSs phase (PDF#71-0647), the XRD
patterns for PMA@MIL derived composites are dominated by the FesSs phase
accompanied with diffraction peaks indexed to the MoS: phase (PDF#73-1508).
Moreover, the XRD patterns of these composites exhibit sharper diffraction peaks at
higher sulphurization temperatures, indicating that higher sulphurization temperature
results in increased crystallinity. It is worth noting that the characteristic (002) peak of
MoS:2 in composite 1Mo@MIL-1000 appears at 20 of 14°, however this characteristic
peak in composites 1Mo@MIL-600 and 1Mo@MIL-800 shift to around 11° with broad
peak width; This may be due to the incomplete sulphurization of Mo species and the

formation of amorphous MoS:2 nanoparticles under lower sulphurization temperatures.
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Fig. 6.5 XRD patterns of A) MIL-600, MIL-800, MIL-1000, 1Mo@MIL-600, 1Mo@MIL-800
and 1Mo@MIL-1000; B) N2 sorption isotherms of MIL-800, 1Mo@MIL-600, 1Mo@MIL-800
and 1Mo@MIL-1000.

Table 6.2 Textural properties of samples MIL-800, 1Mo@MIL-600, 1Mo@MIL-800 and
IMo@MIL-1000.

Sample MIL-800 1Mo@MIL-600 1Mo@MIL-800 1Mo@MIL-1000

Surface area

() 289 39 141 143
Pore volume . 0.12 0.21 0.25
(cm’g™h)

Fig. 6.5B presents the N2 sorption isotherms of the PMA modified composites
sulphurized at 600, 800 and 1000 °C, and also the sample MIL-100 sulphurized at 800 °C
for comparison. All four samples show type IV isotherms, indicating the formation of a
mesoporous structure after the sulphurization. IMo@MIL-800 possesses a surface area
of 141 m? g'!, only half of that of MIL-800, which is likely due to the increased mass of
the introduced Mo species. Among the 1-PMA@MIL derived composites, sample
1Mo@MIL-600 sulphurized under 600 °C shows the lowest BET surface area of 39 m?
gl and lowest total pore volume of 0.12 cm® g™, possibly owing to the incomplete
carbonisation of the precursor. However, with the increase of sulphurization
temperatures, the resulting composites exhibited enhanced BET surface area and total
pore volume (see Table 6.2). Representative pore size distribution of 1Mo@MIL-800
(Fig. 6.6) shows that this material displays a wider size distribution that shifts toward a
larger pore size compared with the parental 1-PMA@MIL, which may be due to the
removal of oxygen and hydrogen from the MOF ligand resulting in the partial collapse of

the smaller pores during the sulphurization and carbonisation of the MIL-100 framework.
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Fig. 6.6 Pore size distribution of 1Mo@MIL-800 and 1-PMA@MIL obtained using NLDFT

model.

The TEM images of sample 1Mo@MIL-600, which derived from 1-PMA@MIL
sulphurized at 600 °C, exhibit 2 to 4 atomic layers of MoS: crumbs evenly distributed
throughout the amorphous carbon matrix (Fig. 6.7A). Meanwhile, it is challenging to
identify iron sulphide within the matrix, possibly due to its small sizes and homogeneous
distribution in the formed carbons. Black particles observed on the carbon matrix (see
Fig. 6.7A1 inset) may be the free-standing iron species and elemental mapping in Fig.
6.8A indicates that these particles may be large iron sulphide particles. On the other hand,
sample IMo@MIL-800 obtained at sulphurization of 800 °C displays thin flakes of 50
nm in diameter and 5-10 layers in thickness (Fig. 6.7B1) and small onion-like spheres
with a size around 10 nm (Fig. 6.7B2) appear, which are evenly embedded in the carbon
matrix. At 1000 °C, the flakes become larger in diameter and thickness (Fig. 6.7C1). The
onion-like spheres also grow larger to size up to 50 nm (Fig. 6.7C2). By measuring the
lattice spacing, it is found that with the increase of the sulphurization temperature, the d
values change from 0.80 to 0.62 nm, which is in line with the wide XRD peak at around
11° of 1IMo@MIL-600/800 (Fig. 6.5A). Consistent with the pronounced sharp peak at
14° in IMo@MIL-1000, a lattice spacing of 0.62 nm is observed in the TEM image (Fig.
6.7C2), which belongs to the (002) plane of MoS2. In addition, thin flakes of lighter colour
are also observed in both 1Mo@MIL-800/1000 (see Fig. 6.7B1 and C1). The lattice
spacing is shown in the inserts of Fig. 3B2 and C2, and a measured lattice spacing is 0.26
nm, which belongs to the (203) plane of FesSs, indicating the presence of the Fe7Ss

nanocrystals within the carbon matrix. The TEM elemental mapping of the three samples
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(Fig. 6.8) shows that all the elements (Fe, Mo, S, C and O) are homogeneously distributed
throughout the samples.

0.26nm

pess:
(203)

Fig. 6.7 TEM images of 1-PMA@MIL sulphurized at A) 600°C, B) 800°C and C) 1000°C.
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Fig. 6.8 Elemental mappings of A) IMo@MIL-600, B) 1Mo@MIL-800 and C) IMo@MIL-1000.

SEM images of the sulphurized MIL-100 and 1-PMA@MIL at 600, 800 and 1000
°C are presented in Fig. 6.9. In general, all the samples exhibit irregularly shaped particle
morphologies. The composites derived from both the pristine and the PMA encapsulated
precursors at low sulphurization temperature show no observable difference in
morphology (Fig. 6.9A and D). However, the SEM image for 1Mo@MIL-800, which
was obtained at sulphurization temperature of 800 °C, exhibits tiny flakes covered on the
surface of the particles resulting in a rough surface (Fig. 6.9B), while the flakes tended to
grow to larger sizes up to 500 nm when the sulphurization temperature increases to 1000
°C (Fig. 6.9C). In contrast, the samples derived from pristine MIL-100 sulphurized at 800
and 1000 °C did not show any visible flakes on the particle surfaces (Fig. 6.9E and F).
This observation indicates that the thin flakes are likely to be the MoS: particles from the
sulphurization of PMA under high temperatures, which is consistent with XRD results in

Fig. 6.5A.
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Fig. 6.9 SEM images of 1-PMA@MIL sulphurized at different temperatures: A) 600 °C, B)

800 °C and C) 1000 °C; and pristine MIL-100 sulphurized at different temperatures D) 600 °C,
E) 800 °C and F) 1000 °C.
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Fig. 6.10 A) XPS element survey and high-resolution XPS spectra of B) Fe 2p, C) S 2p and D)
Mo 3d.
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The elements and their chemical status of samples MIL-800 and 1-PMA@MIL that
are sulphurized at different temperatures are studied by XPS. The element survey spectra
inclusively confirm the existence of Fe, O, S and C in all four samples (Fig. 6.10A), but
the 1-PMA@MIL derived samples show the presence of Mo, which is as expected and in
good agreement with the above XRD and TEM results.

The high-resolution XPS spectra of Fe 2p for the three samples derived from the
sulphurization of 1-PMA@MIL at different temperatures show two main peaks, with
each one deconvoluted into three peaks (Fig. 6.10B). Peaks around 711.4/724.8 eV are
attributed to the Fe 2p32 and Fe 2p12 of Fe?* species with 13.4 eV of peak separation >°%
393 while the other pair of peaks located at 713.6/727.7 eV are ascribed to the Fe 2p32and
Fe 2p1/2 for Fe** species 4%, The last pair of peaks at around 719.1/733.5 eV are the
shakeup satellite peaks of Fe 2p32 and Fe 2p12 >*> 5%, These results are consistent with
the previous report **2. Compared with sample MIL-800, sample 1Mo@MIL-800 exhibit
a slight increase in binding energy of the Fe 2p32and Fe 2p12 peaks (Fig. 6.11), suggesting
a strong interaction between Fe7Ss and MoS: particles and the possible formation of Fe-
Mo-S species; This will benefit their catalytic applications since previous reports found
that the formation of M-Mo-S phase (M stand for metal such as Co, Ni and Fe) can reduce

the energy barriers for the catalytic reaction and enhance the activity toward HER 7737
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Fig. 6.11 High-resolution XPS spectra of Fe 2p for sample 1Mo@MIL-800 and MIL-800.

The high-resolution S 2p XPS spectra of the three samples derived from 1-
PMA@MIL sulphurized at different temperatures is presented in Fig. 6.10C. The peaks
at around 162.4/163.6 eV correspond to S 2p32 and S 2p12 of the S* species, which are

originated from the Fe7Sg > and MoS2 °®° composition in the composites. In addition, the
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peaks at around 168.9/170.0 eV are the pair signals of the S 2p32 and S 2pi2 for SOx
species %! It is believed that this is due to the surface oxidation of the samples as well as
the possible intermediate product (see previous XRD and TEM analysis) in the sample
obtained at lower sulphurization temperature, i.e. 1Mo@MIL-600. Increasing the
sulphurization temperatures, the amount of oxidised species in the resulting samples
decrease dramatically. The paired S 2p peaks at around 164.2/165.3 eV are due to the
doping of S species into the carbon matrix in the form of C-S-C and/or C=S, respectively
692, The doping of S in the carbon matrix may introduce active sites favourable for HER
603 However, this doped S species in the composite decrease with the increase of the
sulphurization temperature. Actually, no doped S species can be identified in sample
IMo@MIL-1000.

The high-resolution XPS spectra of Mo 3d are shown in Fig. 6.10D. The first peak
at the lower energy end of the spectra is assigned to the S 2s peak due to the overlap
region of Mo 3d and S 2s spectra. The intense pair of peaks at around 229.6/232.7 eV for
all the three samples are originated from Mo 3ds2 and Mo 3ds/2 of Mo*" state in MoS2 %4,
Moreover, two doublets at around 233.0/235.8eV in sample 1Mo@MIL-600 are
attributed to Mo 3ds;2 and Mo 3d32 of Mo®" state of the molybdenum species, but those
peaks are negligible or virtually disappeared in sample 1Mo@MIL-800 and 1Mo@MIL-
1000. Obviously, the intensity of binding energy of those Mo®" species decreases with
increased sulphurization temperature °, which is, as discussed earlier, possibly due to
the surface oxidation of the molybdenum to form intermediate product during the process

of MoS: generation.

6.2.3 Electrochemistry performance evaluation

The electrochemical hydrogen evolution reaction (HER) performance of all the samples
derived from sulphurized MIL-100 and 1-PMA@MIL under different temperatures are
presented in Fig. 6, and relevant HER data are summarised in Table 6.3. The composite
derived from sulphurization of pristine MIL-100 at higher temperatures exhibits
improved HER activities in acidic media (Fig. 6.12A). With the introduction of Mo
species, all three composites derived from the sulphurization of 1-PTA@MIL under
different temperatures exclusively show a dramatic increase of the onset potential in HER
compared to those samples derived from the sulphurized MIL-100 under the same
conditions. Moreover, the HER activity of sample 1Mo@MIL-800 is much higher than
that of samples IMo@MIL-1000 and 1Mo@MIL-600. Actually, sample 1Mo@MIL-800

exhibits the lowest onset potential of -0.241 V (vs. RHE at current density of -1 mA cm”
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%) and requires the lowest overpotential of -0.321 V (vs. RHE) to achieve the current
density of -10 mA c¢m?, indicating that IMo@MIL-800 composite is the highest HER
active sample amongst all the studied composites. It is worth noting that, as shown in
Table 6.3, the Mo-containing samples 1Mo@MIL-800 and IMo@MIL-1000 exhibit a
remarkable decrease in the onset potential for HER of 0.251 and 0.348 V compared with
their Mo-free counterpart MIL-800 and MIL-100, respectively. These results indicate that
new catalytic active sites may originate from the introduced MoS2, the dual metallic Fe-
Mo-S phase, as well as S-doped carbon (as confirmed in XPS analysis) in the composites,
which result in the significant improvement in electrocatalytic HER activities of the
bimetallic Fe-Mo sulphide/carbon systems. Nevertheless, the HER performances of these

composites are generally still inferior to the benchmark 20% Pt/C sample.
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Fig. 6.12 A) HER polarization curves of MIL-600, MIL-800, MIL-1000 and 1Mo@MIL-600,
IMo@MIL-800, 1Mo@MIL-1000 and B) The corresponding Tafel plots of the samples presented
in A). C) Polarization curves of 1Mo@MIL100-800 before and after 1000 cycles and D) EIS of
MIL-800 and 1Mo@MIL-800. 0.5 M H>SO4 was used as electrolyte, all polarization curves are
iR corrected. EIS spectra recorded at -0.6 V (vs. Ag/AgCl), measured in the frequency range of
10"'-10° Hz.
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Table 0.3 Summary of the electrochemical HER performance data of different samples.

Onset potential Overpotential Tafel slope
Sample @-1 mA cm? @-10 mA cm? (mV dec™)
(V vs. RHE) (V vs. RHE)

MIL-600 -1 -! 277
MIL-800 -0.492 -0.678 141
MIL-1000 -0.670 -0.8072 152
1Mo@MIL-600 -0.342 -1 135
1Mo@MIL-800 -0.241 -0.321 62
1Mo@MIL-1000 -0.322 -0.493 80
20% Pt/C -0.024 -0.037 30

! The current density could not reach -10 mA cm™ within the potential window.

2 Value obtained by extrapolation of the curve.

Tafel plots derived from the HER polarization curves of the samples are presented
in Fig. 6.12B, and the corresponding values of Tafel slope are labelled in the plots. The
three Mo-free samples, MIL-600, MIL-800 and MIL-1000, show Tafel slope of 277, 141
and 152 mV dec’!, respectively, indicating poor reaction kinetics of these samples. In
contrast, all the Mo-containing samples exclusively exhibit much reduced Tafel slope
values, suggesting faster reaction kinetics of these bimetallic Fe-Mo sulfide/carbon
composites in electrocatalytic HER performance in acidic media. It is noteworthy that
among all the studied composites, sample 1Mo@MIL-800 exhibit the smallest Tafel
slope value of 60 mV dec™!, implying the best HER performance amongst all the studied
samples. It is widely accepted that an HER process includes Volmer step, Heyrovsky step
or Tafel step, and both the Volmer-Heyrovsky and the Volmer-Tafel mechanisms lead to
the formation of Hz %%, It is believed that as a rate-determine step, Tafel slope value of
ca. 30, 40 and 120 mV dec™! is required for the Tafel step, Heyrovsky step and Volmer
step, respectively 4%, Therefore, the HER process of sample 1Mo@MIL-800 possess a
Volmer-Heyrovsky mechanism, and the electrochemical recombination is the rate-
determination step during the HER process 7> %%,

For overall water splitting, the performance of the catalyst in different pH media is
essential. Therefore, the samplel1 Mo@MIL-800 with the highest HER activity in acidic

media was further evaluated in alkaline and neutral media, respectively (Fig. 6.13). This
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catalyst needs an overpotential of -0.452 V in 1 M KOH and -0.772 V in 0.5 M Na2SO4
to achieve a current density of -10 mA ¢cm™, which is 0.130 V and 0.451 V higher than
that in acidic solution. Clearly, the HER performance of the composite in acidic solution
is better than that of in alkaline or neutral solution. It is also clear that the HER
performance of IMo@MIL-800 in both alkaline and acid solutions shows a remarkable

improvement compared with the Mo-free composite MIL-800 under the same conditions.
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Fig. 6.13 HER polarization curves of MIL-800, 1Mo@MIL-800 and 20% Pt/C in A) 1 M KOH
electrolyte and B) 0.5 M Na,SOj, electrolyte.

It was reported that when Pt is used as the counter electrode during the HER test, it
could transfer to the working electrode and affects the catalytic performance of the

measured sample %

, we therefore validated the HER test of the best-performed sample,
IMo@MIL-800 using graphite rod instead of Pt wire as the counter electrode. As shown
in Fig. 6.14A, there is no obvious difference in the HER performance when using graphite
rod as the counter electrode, compared with Pt wire electrode. Even after 1000 cycles test
using the graphite rod as the counter electrode, the HER performance of the composite
largely remains unchanged, indicating the use of different counter electrodes has a
negligible effect on the electrocatalytic performance of the composite.

The stability of the best performed composite IMo@MIL-800 was evaluated by
comparing the LSV curves before and after 1000 cycles of measurements. The result in
Fig. 6.12C shows a negligible decay of current density after 1000 cycles of HER tests,
indicating excellent stability of this composite. Moreover, the time dependence on the
current curve of this sample (Fig. 6.14B) displays that the current density only decreased

slightly after 8000 s of testing in HER, suggesting good stability of the catalyst under the

studied constant voltage.
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Fig. 6.14 A) HER polarization curves of 1IMo@MIL-800 using Pt wire and graphite rod as counter
electrode and LSV before and after 1000 cycles using graphite electrode. B) Current-time
chronoamperometric response of 1Mo@MIL-800 at -0.5 V in 0.5 M H>SOj4 solution.

The electrochemical impedance spectroscopy (EIS) of IMo@MIL-800 was further
analysed in the frequency range of 10° to 0.1 Hz at -0.6 V (vs. RHE), and the EIS of MIL-
800 was also included for comparison. The Nyquist plots in Fig. 6.12D exhibit semi-
circle shapes. Both samples can be modelled by an electric circuit consist of a series
resistance (Rs), a constant phase element (CPE), and a charge-transfer resistance (Rct), as
shown in the insert of Fig. 6.12D. The value of Ret can be calculated from the diameter
of the semi-circle at high frequency in the Nyquist plot, and the smaller the value of Ret,
the higher the charge transfer rate, therefore the faster the interfacial kinetics and the
better performance of the composite. Based on the curve fitting, the value of Rt for
sample 1Mo@MIL-800 is 48 Q which is much smaller than that of sample MIL-800
(3491 Q), indicating that the presence of MoS2 generates catalytically active sites and the
formation of Fe-Mo-S species in the composite dramatically promote faster interfacial
kinetics °1°.

As discussed above, the pyrolysis temperatures of the precursor remarkably affect
the HER performance of the resulting materials. Other parameters such as the amount of
PMA in the precursor, the heating ramp rate to the target sulphurization temperature, and
the sulphurization duration that can potentially influence the electrocatalytic HER
activities of the resulting materials were also explored.

The effect of the amount of PMA in the precursor on the XRD patterns of the
composites obtained via pyrolysis of pristine MIL-100 and PMA@MIL at 800 °C in H2S
atmosphere was presented in Fig. 6.15A. While MIL-800 only exhibits the diffraction
peaks that can be indexed to iron sulphide phase like Fe7Ss (PDF#71-0647), all the three
composites derived from PMA@MIL with different PMA content show characteristic
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peaks that are indexed to Fe7Ss and MoS:2 (PDF#73-1508), suggesting the formation of
Fe-Mo bimetallic sulphides in the composites. Moreover, the relative intensity of the
peaks indexed to the MoS: phase in the composites increases with the amount of
introduced PMA in the precursor. While the characteristic (002) peak of MoS: phase in
composite 3Mo@MIL-800 and 2Mo@MIL-800 that derived from higher PMA content
precursor appears at 23 of 14°, but the characteristic peaks in composite 1Mo@MIL-800,
which is derived from lower PMA content precursor, shifts to lower 29 range of 11° with
broader peak. In addition, element content obtained from SEM-EDX also confirmed that
with the increased amount of PMA introduced into the precursor, the resulting sample

Mo@MIL-800 exhibited increased Mo content in the composites (Table 6.4).

Table 6.4 Element content of sample Mo@MIL-800 obtained from SEM-EDX analysis.

Element content (wt %)

Sample
C 0 S Fe Mo
1Mo@MIL-800 38.1 23.6 16.2 14.6 7.4
2Mo@MIL-800 353 8.8 22.8 16.4 16.7
3Mo@MIL-800 25.2 7.1 253 17.4 22.2

The HER performance of the composites with variable molybdenum content in the
Mo@MIL-800 samples is also evaluated and presented in Fig. 6.15B and C. Obviously,
with the increase of the Mo content in Mo@MIL-800 composites, their catalytic activities
actually decrease. The overpotential to achieve a current density of -10 mA cm decreases
from -0.321 V for sample 1Mo@MIL-800, to —0.482 V for sample 3Mo@MIL-800, and
the Tafel slope value increases from 60 mV dec”! for sample 1Mo@MIL-800 to 127 mV
dec! for sample 3Mo@MIL-800, which almost doubles the value of 1Mo@MIL-800
composite. These results imply that the increased amount of Mo content in the Mo@MIL-
800 composites deteriorates their HER performance, which may be due to the
agglomeration of MoS: at higher amount, leading to the hindering of the access to the

catalytic active sites in the composite.
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Fig. 6.15 A) Power XRD patterns, B) HER performance and C) the corresponding Tafel plots of
Mo@MIL-800 with variable Mo content. In the HER measurement in B), 0.5 M H,SO4 was used

as electrolyte, and all polarization curves are iR corrected.

The effect of heat ramp rate on the sulphurization temperature, and the
sulphurization duration on the electrocatalytic performances of the samples, have also
been studied. Fig. 6.16A and B show the XRD patterns of samples obtained at different
heating ramp rates (10 or 2 °C min™') and sulphurization time (20 min or 2 h in HaS gas,
or 1 h in Ar followed by 1 h in H2S). All samples exclusively exhibit XRD diffraction
peaks indexed to both FesSs and MoS:2 phases. With a slower heating ramp rate, the
diffraction peaks for MoS2 become more pronounced, and the broader peak at lower 20
angle disappears, indicating a better crystallinity and well established MoS: lattice
structure under a slow heating ramp rate. As for the effect of sulphurization time on the
XRD patterns of resulting samples, there is no visible difference between the sample
obtained in H2S for 2 h and the one in Ar for 1 h followed by in H2S for 1 h. However,
the sample sulphurized for only 20 min in H2S shows a broad peak at lower 20 angle,
suggesting the incomplete sulphurization of Mo species and the formation of amorphous

MoS: nanoparticles.
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The HER polarization curves (Fig. 6.16C) indicate that the sample obtained via a
slower heating rate exhibits slightly inferior HER performance than the sample prepared
from a faster heating ramp rate. This is possible due to the fact that electrocatalytic HER
active sites are located on the defects and exposed edges of metal sulphides *°°, and a
slower heating rate provide higher opportunities for the metal sulphide to establish its
crystallinity ®'!, which result in less exposed active sites and consequently unsatisfactory
HER performance. On the other hand, the change of sulphurization time does not cause a
significant difference in the HER performance (Fig. 6.16D), indicating that the
sulphurization time is not a major factor that affects the electrocatalytic HER activity of

the composites.
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Fig. 6.16 Effect of pyrolysis ramp rate and durations on the structures and HER performance. A)
XRD and C) HER polarization curves of MIL-800 and 1Mo@MIL-800 obtained via pyrolysis at
800 °C for 1 hour with ramp rate 10°C/min and 2 °C/min respectively; B) XRD and D) HER
polarization curves of IMo@MIL-800 obtained via pyrolysis at 800 °C in H,S atmosphere for 20

min, 1 hour, 2 hours and 1 hour in Ar plus 1 hour in H»S. All polarization curves are iR corrected.
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6.3 Summary

In summary, we have successfully fabricated bimetallic Fe-Mo sulphide/S-doped carbon
nanocomposites from PMA@MIL precursors. Nanosized metal sulphide crystals are
homogeneously embedded in the porous carbon matrix, leading to significant
improvement in HER activities under acidic condition. In particular, composite
IMo@MIL-800 exhibits an overpotential of -0.321V to realise a current density of -10
mA cm?and a Tafel slope of 62 mV dec™!, which shows a 53% reduction in overpotential
to achieve the same current density compared with Mo-free composite MIL-800. This
dramatic improvement in HER performance of the PMA@MIL derived nanocomposites
can be attributed to (1) large amount of active sites are introduced by the evenly
distributed nanosized MoS: throughout the carbon matrix; (2) strong interactions are
formed between the two metallic sulphides, forming Fe-Mo-S phases that are favourable
for HER and (3) more HER active sites have been created by S-doping in the carbon
matrix. Moreover, the Fe-Mo sulphide/carbon composites are electrocatalytic active for
HER not only in acidic media but also in alkaline and neutral media. In addition, It was
also found that although the sulphurization time of the composites does not affect the
HER performance, both higher Mo amount and higher heating ramp rate for the
composites lead to deteriorated HER performance. This work offers a feasible way to
generate complex heterogeneous electrocatalytic composites with great potential for

diverse applications.
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Chapter 7 Conclusions and future work

7.1 Conclusions

In this thesis, novel ZIF-based composites and their nanostructured derivatives have been
designed and synthesised; electrochemical performance of the produced materials has
also been evaluated. The crystal structures, textural properties and morphologies of the
as-synthesised ZIFs-based/MOFs-based composites and their derivatives were
characterised using combined techniques. In addition, the significantly improved
performance of the as-derived carbon-based nanocomposites in energy applications such
as HER and OER was thoroughly discussed and compared with relevant reference
samples. Furthermore, the correlation between the properties and structures of materials
are linked.

The proposed objectives have been achieved: tungsten and molybdenum, the
convention backbone modification unachievable metal species, have been successfully
introduced into the cages of ZIFs through two novel approaches: one-pot in situ
hydrothermal synthesis and post-synthetic modification. The difficulty of adapting acidic
guest species into the acid vulnerable ZIFs has been addressed by carefully balancing the
amount of POMs used during the synthesis or introducing a layer of PDA as the protective
coating. Followed by heat treatment of the composites under H2S/Ar atmosphere at
certain temperatures, a series of bimetallic transition metal sulphides /heteroatoms-doped
porous carbon nanocomposites, with evenly dispersed metal component particles and a
large number of exposed active sites, were obtained. Moreover, the encapsulation strategy
and chemical vapour sulphurization has been extended to a cage-type MOF, MIL-100.
The PMA@MIL-100 composites have led to dual metallic Fe-Mo sulphide@carbon
nanocomposites, which proves the universality of the developed synthesis approach. In
details:

In Chapter 4, a facile one-pot in situ synthesis of PTA@ZIF-67 followed by one-
step carbonisation and sulphurization was presented. By immobilising PTA molecular
clusters within the confined space of ZIF-67 cages and the successive heat treatment at
high temperatures under the H2S atmosphere, a homogeneous dispersion of tungsten
sulphide and cobalt sulphide particles within a carbon matrix can be achieved. The
resulting bimetallic Co-W sulphide/heteroatom doped porous carbon composites exhibit
a prominent improvement in HER with a Tafel slope of 64 mV dec™ and an overpotential
of -0.250 V (vs RHE) at the current density of 10 mA ¢cm™. Moreover, the bimetallic Co-
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W sulphide/porous carbon composites also demonstrated excellent OER activities with
Tafel slope of 53 mV dec™! and an overpotential of 0.365 V (vs RHE) at the current density
of 10 mA cm™, out-performing the benchmark IrO> catalyst. This work offers a new
strategy to prepare homogeneous transition metal sulphide decorated porous carbon
nanostructures and open up a new way to obtain low-cost bifunctional electrocatalysts
towards both OER and HER.

In Chapter 5, PTA was introduced into ZIF-67 with a different approach. Moreover,
PMA, a molybdenum-containing POM that is unable to be introduced into ZIF-67 with
the method mentioned in Chapter 4, has been successfully encapsulated into modified
ZIF-67 in this chapter. HER and OER active, defect-rich ultra-fine bimetallic Co-Mo
sulphide nanoparticles supported on N, S-doped porous carbon composites were derived
from PMA@ZIF-67@PDA nanocube precursors via carbonisation/sulphurization. PDA
decorating on ZIF-67 cubes can prevent the over-dissociation of ZIF-67 from PMA
etching by chelating with the PMA molecules and acts as an additional N source for N-
doping. Moreover, the partially dissociated Co®" from ZIF-67 can be captured by the
coated PDA via chelation, resulting in more evenly dispersed active sites throughout the
heterogeneous composite after pyrolysis. The resulting bimetallic CoM0S-600 composite
exhibits remarkable improvement in HER (with overpotential of -0.235 V vs. RHE at
current density of 10 mA ¢m™ and Tafel slope of 65.50 mV dec™') and OER performance
(with overpotential of 0.350 V vs. RHE at current density of 10 mA ¢cm™ and Tafel slope
of 64.32 mV dec!). The outstanding performance can be attributed to the synergistic
effect of ultra-fine and defect-rich Co-Mo-S nanoparticle exposed active sites and N, S-
doped porous carbons in the composites. Moreover, HER and OER active W-containing
bimetallic Co-W-S/C composites can be readily obtained by replacing PMA with PTA,
proving the universality of this synthesis approach. This work offers a new synthesis
strategy to modify acid-sensitive ZIFs with acidic compounds, providing an alternative
approach to develop other advanced metal sulphides/porous carbon functional materials
for energy and environmental applications.

In Chapter 6, the synthesis strategy demonstrated in Chapter 4 was applied to
molecular cages containing MOF, MIL-100. A bimetallic Fe-Mo sulphide/S-doped
carbon nanocomposite was successfully fabricated from PMA@MIL-100 precursors.
Nanosized metal sulphide crystals are homogeneously embedded in the porous carbon
matrix, leading to significant improvement in HER activities under acidic conditions. In

particular, composite 1Mo@MIL-800 exhibits an overpotential of -0.321 V to realise a
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current density of -10 mA cm™ and a Tafel slope of 62 mV dec’!, which shows a 53%
reduction in overpotential to achieve the same current density compared with Mo-free
composite MIL-800. This dramatic improvement in HER performance of the PMA@MIL
derived nanocomposites can be attributed to (1) the large amount of active sites
introduced by the evenly distributed nanosized MoS: throughout the carbon matrix; (2)
the strong interactions formed between the two metallic sulphides, in which Fe-Mo-S
phases are favourable for HER and (3) the increased HER active sites created by S-doping
in the carbon matrix. Moreover, the Fe-Mo sulphide/carbon composites are
electrocatalytic active for HER not only in acidic media but also in alkaline and neutral
media. In addition, it was also found that although the sulphurization time of the
composites does not affect the HER performance, both higher Mo amount and higher
heating ramp rate for the composites lead to deteriorated HER performance. This work
offers a feasible way to generate complex heterogeneous electrocatalytic composites with
great potential for diverse applications.

Comparing the findings in Chapter 4, 5 and 6, it is clear that using ZIFs and MOFs
as the precursor is the key to the formation of porous morphology and nanostructure of
the derivatives. The W-based nanocomposites in Chapter 4 and 5 demonstrated that
although two different synthesis approaches were used, they can both lead to similar
multiphase composite systems. The similar compositions and nanostructure can therefore
result in similar electrochemical performance. However, different synthesis methods can
be beneficial for the introduction of certain previously incompatible species, as
demonstrated by the PMA incorporated ZIF-67 in Chapter 5. Comparing Chapter 4 and
5 with Chapter 6, it is clear that cobalt sulphide plays a vital role in the OER activity of
the composites. Moreover, bifunctional electrocatalysts that combine the HER active
specie with the OER active species in one composite can be readily produced.

Overall, this thesis develops rational and effective design and synthesis approaches
towards efficient electrocatalytic composite materials with desired active species and

morphologies which could be beneficial for future research.
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7.2 Suggestions for future work

Based on the findings in this thesis, suggestions for the future work relevant to this project

are proposed as follows:

The effect of heating rate, heating temperature and sulphurization duration on the
morphology and composition of the ZIFs derived nanocomposites have been
briefly explored. However, a more detailed and systematic investigation would be
useful for finer control on the morphology and porosity of the ZIF-derivatives,
and the size, dispersion and composition of the carbon matrix wrapped metal
nanoparticles.

Metal sulphides/carbon nanocomposites with fine nanoparticles trapped in the
carbon matrix have been successfully prepared, which lead to excellent HER and
OER properties. However, some metal sulphides agglomerate at the outside of the
carbon matrices after high-temperatures treatment. These large metal sulphide
crystals are lack of electrochemical active sites, which lead to unserviceable parts
of'the composites. Reducing and removing the unserviceable parts or turning them
into electrochemical active species will be an interesting subject.

Conduct the ICP-OES test to investigate the amount of Mo/W/S elements that has
been actually introduced into the nanocomposites, and the ratio between them and
the Co element in order to gain further understanding of how the content and their
formed structures affect the electrocatalytic performance.

Further optimization of the electrocatalysts is needed to improve the HER and
OER activities to a more competitive level before subject to full device operation

test.

Materials with atomic dispersed metal active sites on carbon matrix have attracted
great interest, it would be interesting to design and synthesise such kind of catalyst
from ZIFs-based composites with similar composition and compare their
electrocatalytic performance with catalysts mentioned in this thesis.

Investigation on the local active sites and the underlying reaction kinetic of this
kind of multiphase complex system remain challenge, therefore development and
application of effective advanced in-situ characterization and analysis

technologies to tackle this challenge is highly desired.
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