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Abstract

Zeolitic imidazolate frameworks (ZIFs) are a subset of metal-organic frameworks
(MOFs), typically formed by the coordination of divalent metal ions with nitrogen
atoms in imidazole organic ligands, resulting in neutral open-framework structures
with zeolite-like topologies. ZIFs exhibit high crystallinity, tuned porosity, high specific
surface area, and chemical stability, making them highly promising for environmental
and energy applications. These features enable ZIFs to efficiently provide clean
water through water purification and generate clean fuel through water electrolysis,
addressing the needs for carbon neutrality and solving energy and environmental
crises. However, as research progresses, most MOFs/ZIFs face main challenges
such as a lack of mesoscale cavities, saturated metal sites, poor stability in catalytic
environments, and low electrical conductivity. Therefore, this thesis focuses on the
ligand engineering of ZIF frameworks with sodalite topology (ZIF-8 and ZIF-67)
through mixed ligand and selective ligand removal (SeLiRe) strategies to overcome
these critical challenges.

In the first project in this thesis, | employed the SelLiRe strategy to engineer
hierarchically porous ZIFs. This novel method entails synthesizing mixed-ligand ZIFs
with various ratios of two ligands and subsequently applying controlled thermal
treatments to selectively remove the thermolabile secondary linker. This process
results in a dual-pore structure comprising both micropores and newly introduced
mesopores. The size, distribution, and shape of the newly mesopores are notably
influenced by the mixing ratio of the secondary ligand and the heating parameters.
For application, hierarchically porous ZIF exhibits a 40-fold enhancement in
adsorption capacity for various organic dyes in aqueous solutions, with significantly
faster adsorption rates, owing to the increased pore volume that facilitates the rapid
diffusion of dye molecules to active adsorption sites.

In the second project in this thesis, | further extended the SeLiRe strategy to
confirm that the engineered open metal sites (OMS) were successfully incorporated
into the ZIF framework. Advanced characterization techniques were used to evaluate
their role in the hydrogen evolution reaction (HER) and to investigate their altered
structural and electronic modifications under electrocatalytic conditions. In-situ
electrochemical analysis and X-ray absorption spectroscopy revealed that, at a
specific potential, the unsaturated Zn-N2 sites chemisorbed hydroxide ions from the
electrolyte, forming high-valence HO-Zn-N2 active sites. The optimal OMS-ZIF
achieved an exceptionally low overpotential of 0.41 V, enabling a sustained current
density of 1.0 A cm™ with 120-hour stability. Theoretical simulations further
demonstrated that high-valence HO-Zn—-N2 active sites significantly enhance water
molecule activation kinetics, thereby improving the efficiency of the Volmer step.
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In the third experimental project in this thesis, | utilized the mixed ligand strategy
to bolster the activity and stability of (photo)electrocatalytically active MOFs. Four
mixed-ligand variants of zeolitic imidazolate framework-67 (ZIF-67) were synthesized,
enabling an in-depth analysis of the impact of the secondary ligand on the
reconstruction of the ZIF framework during the electrocatalytic oxygen evolution
reaction (OER). Some secondary ligands retained the fundamental framework while
inducing surface reconstruction to form an in-situ cobalt (oxy)hydroxide layer, in stark
contrast to the complete reconstruction observed in single-ligand ZIFs. The cobalt
(oxy)hydroxide layer, along with its interfacial synergistic effects, enhanced
conductivity and catalytic performance, while also improving (photo)electrochemical
stability.

These results indicate that the ligand engineering strategy is a powerful tool to
design advanced functional frameworks with enhanced activity, selectivity and
durability in environmental and energy applications.
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Introduction

1.1 Porous materials

Inspired by many natural materials such as charcoal, sponges, and pumice, which
feature empty spaces and pores ranging from nano- to centimeters in diameter,
porous materials composed of either inorganic or organic compounds have been
synthesized '. These materials now play a vital role in our daily activities and the
industrial sector, including zeolites, mesoporous silica, carbon, metal oxides, and
polymers 24,

Among them, zeolites are typically crystalline aluminosilicates composed of
tetrahedral atoms (Si or Al) forming an open framework structure °. Due to their
outstanding stability and well-defined pore sizes, they are widely used in industrial
applications, such as the ZSM-5 zeolite. However, their fixed and relatively small
pore sizes limit their use in advanced applications requiring larger or more tunable
pore architectures.

Mesoporous silica materials, on the other hand, feature high surface areas,
larger pores and are well-suited for catalytic reactions involving large reactant
molecules. While mesoporous silica exhibits the long-range order in its pore
structure, the surrounding walls are amorphous . This non-crystalline nature means
their stability and catalytic activity are inherently lower compared to other porous
materials.

Recently, a new class of porous materials has been extensively studied and
reported: metal-organic frameworks (MOFs). Their synthesis has evolved from
zeolite chemistry, focusing on the assembly of organic and inorganic building units to
form porous structures. Unlike purely inorganic materials, MOFs allow for much
greater flexibility in combining metal nodes and organic ligands through reticular
chemistry, resulting in thousands of unique framework structures . This flexibility
provides MOFs with tunable pore sizes, adjustable chemical functionalities, and a
variety of structural topologies.

Generally, advanced applications require porous materials that offer greater
tunability in terms of pore structures and chemistries, which has driven the
development of next-generation porous materials like MOFs (including covalent
organic frameworks and zeolitic imidazolate frameworks) 8. This thesis will focus on
showcasing these novel MOF materials and their applications in environmental and
energy fields, highlighting their unique advantages over traditional porous materials.
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1.1.1 Metal-organic frameworks (MOFs)

Metal-organic Frameworks (MOFs) are crystalline structures formed via the self-
assembly of metal nodes (or metal cluster) and organic ligands, often creating a
periodic porous network framework. Their concept was introduced by Yaghi and co-
authors in 1995 %10, The self-assembly process of MOFs is heavily influenced by the
coordination tendencies of the secondary building units (SBUs), alongside the
characteristics of the organic ligands, such as their functional groups, length, and
rigidity (Figure 1.1) ''. These unique hybrid structures exhibit several defining
characteristic features that set them apart from traditional materials:

1.

Molecular nature: Both organic and inorganic components of MOFs are
molecular or small atomic clusters. This distinct composition results in discrete
energy levels in their electronic structures, unlike the band structures of solid
materials.
Exceptional surface area: The molecular nature ensures that every atom is
essentially "surface," leading to some of the highest specific surface areas.
Flexible chemistry: The organic and inorganic components of MOFs exhibit
molecular-like chemistries, enabling straightforward functionalization or
doping. This versatility is difficult to achieve in traditional solid materials.
Adjustable pore structure: MOFs feature tunable pore diameters, structures,
and connectivity through reticular chemistry, including variations in ligand type
and length. This precise control facilitates the adsorption, diffusion, and
catalytic turnover of specific molecules.
Structural versatility: Depending on the nature of the organic linkers, MOFs
can exhibit flexibility (e.g., breathing upon gas adsorption) or rigidity, further
broadening their applicability.
Localized properties at interfaces: The interfaces between the inorganic
and organic components in MOFs can generate localized electric fields or
metal-semiconductor junctions, making them ideal for charge transfer and
redox applications.
Periodicity and crystallinity: MOFs can be either crystalline or glass-like,
with periodic arrangements of metal nodes providing uniform and abundant
active sites, enhancing the reaction activity.

These features make MOFs highly versatile materials with applications in

catalysis '>'3, gas storage and separation %', energy conversion and storage ',
pollutant purification -8 and chemical sensors '°. Based on the Hard and Soft
Acids and Bases (HSAB) theory, various multifunctional MOFs with well-defined
topologies have been reported, cementing their status as a research hotspot in
recent years.
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However, MOFs also face challenges that limit their broader application.

1). Ensuring structural integrity and stability under various conditions, such
as humidity, temperature, and pH, remains a critical hurdle.

2). Achieving efficient utilization of adsorption and catalytic sites can be
complex due to diffusion limitations or structural constraints.

3). Design and synthesis of MOFs require careful control over component
combinations and reaction conditions, adding to their chemical complexity.

4). Identifying the optimal organic and inorganic components for specific
applications is a non-trivial challenge, necessitating a balance between
functionality and stability.

This thesis addresses these limitations through the ligand engineering strategy in
MOFs, opening new pathways for their practical applications in diverse scientific and
industrial domains.

Figure 1.1: Crystal structures of some prototypical MOFs. From (a) to (h): MOF-5,
ZIF-8, DMOF-1, MIL-53(Ga), QMOF-1, NH4ZnH(COOQO)3, GuaZn(HCOO)3, and
DABCOH2K(ClOa)s. Reprinted with permission from Research-SPJ 20,

1.1.2 Zeolitic imidazolate frameworks (ZIFs)

Zeolitic imidazolate frameworks (ZIFs) are a subset of Metal-organic frameworks
(MOFs), typically formed by the coordination of divalent metal ions (e.g., Zn?* or Co?*)
with nitrogen atoms in imidazole organic ligands (e.g., 2-methylimidazole), resulting
in neutral open-framework structures with zeolite-like topologies (Figure 1.2) 2'. The
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name "Zeolitic Imidazolate Frameworks" is derived from the similarity of the 145°
metal-imidazole-metal bond angles to the Si-O-Si angles in (alumina)silicate
zeolites.

The first ZIFs were synthesized by Yaghi and co-authors in 2006 and 2008,
where they produced 12 and an additional 25 ZIFs, respectively, some of these ZIFs
exhibited remarkable thermal and chemical stability 2>23. Based on the interaction
modes between ligands, ZIFs can form various topological structures such as ANA,
GME, GIS, BCT, RHO, MER, and SOD ?*. While ZIFs not only exhibit physical and
chemical properties comparable to those MOFs mentioned above but also provide
the added advantages of zeolites, such as superior thermal and chemical stability,
along with a wide variety of structural topologies.

Compared to traditional zeolites, which have surface areas less than 1000 m?
g™', typical ZIFs boast much higher surface areas exceeding 1000 m? g™' 25, In terms
of porosity, unlike zeolites, ZIFs allow precise control over pore size, shape, and
surface chemistry. Zeolites often struggle to achieve uniform and well-ordered pore
structures during the synthesis process ?'. Some review articles suggest that another
notable advantage of ZIFs is their superior thermal and chemical stability under
harsh conditions, whereas traditional zeolites generally have limited stability under
strongly acidic or basic environments 2" 26, However, based on my experience and
research, | remain cautious about fully endorsing this claimed stability advantage.

Therefore, in this thesis, | focus on the commonly used sodalite (SOD) topology
ZIFs, specifically ZIF-8 (zinc-based) and ZIF-67 (cobalt-based), as precursors for
ligand engineering strategy to enhance activity and stability in various environmental
and energy applications.
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Figure 1.2: Morphology and framework structure of sodalite topology ZIF-8 (left) and
ZIF-67 (right).
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1.2 Ligand engineering strategy

With the continuous expansion of organic chemistry and coordination chemistry, an
increasing number of structurally complex organic ligands with unique functional
groups are being synthesized ?’. This has led to a corresponding increase in the
variety and number of MOFs/ZIFs. Based on the HSAB theory, it has become
simpler to achieve structural stabilization using a wide array of ligands available as
options. Crucially, these organic ligands largely determine the framework structure
and chemical properties of MOFs/ZIFs °. For instance, by altering the types of
functional groups or metal salts on the ligands, one can adjust the topological
structure 28, pore size 2°, and selective functionalities 3 of MOFs/ZIFs. This strategy
is commonly referred to as ligand engineering.

1.2.1 Ligand modification strategy

Ligand modification of the primary ligand in MOFs/ZIFs is a common strategy to
introduce new functional properties. This involves synthesizing MOFs/ZIFs using
primary ligands with additional functional groups, such as amino (—NHz2), sulfonyl (-
SOsH), hydroxyl (-OH), or carbonyl (C=0) groups 3'. Among these, amino-
functionalized ligands are the most frequently employed, accounting for about 90%
of such modifications, due to their electron-withdrawing properties. Examples include
NH2-UIO-66, NH2-MIL-125, NH2-ZIF-8 and so on. These functional groups allow for
tuning the inherent optical, electronic, and porous properties of MOFs/ZIFs. For
instance, the addition of amino groups can extend the light absorption range of MIL-
125 from UV to visible light, significantly enhancing its photocatalytic potential under
visible light irradiation 32.

Another ligand modification strategy involves ligand extension to create larger
pores facilitating the adsorption of macromolecules or enhancing -1 interactions.
Eddaoudi et al. 3 were pioneers in employing this strategy to functionalize MOF-5,
demonstrating that pore size could be expanded using long molecular struts like
biphenyl, tetrahydropyrene, pyrene, and terphenyl. Additionally, they incorporated
organic groups such as —Br, —-NH2, —OCsH7, —OCsH11, —C2H4, and —C4Ha4. This
approach led to the synthesis of a series of MOF-5 structures with identical
topologies but homogeneous periodic pores ranging from 3.8 to 28.8 A. The
optimized sample exhibited high methane storage capacity.

Deng et al. 3 further advanced this strategy by combining short and very long
ligands, synthesizing an isoreticular series of MOF-74 structures with pore channels
up to 10 nanometers in diameter and great chemical/thermal stability, enabling
natural proteins to pass through the large pores and directly enter the MOF-74
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framework. Endo et al. 3% developed metal-organic-covalent-organic frameworks
(MOCOFs) through double extension of metal-organic and covalent organic ligands.
These MOCOFs feature large surface areas, high crystallinity, excellent chemical
and thermal stability, and chiral networks.

In catalysis, extending the length of dicarboxylate ligands has been used to
strengthen T—TT interactions between ligands, as demonstrated by Ma et al. 3¢ and
Yuan et al ¥. This enhancement improves MOF stability in alkaline solutions and
boosts electrocatalytic activity through hydroxide transformation.

However, this ligand extension strategy comes with challenges. First, the pore
space can be easily occupied by guest molecules, making it difficult to achieve
permanent porosity 38. Additionally, removing these guest molecules may lead to
structural collapse. Second, excessively long ligands can result in interpenetrating

networks, hindering the formation of highly crystalline periodic frameworks.

Figure 1.3: Generic schemes for ligand modification strategy. Reprinted with
permission from ACS Publications 3°.

1.2.2 Mixed-ligand strategy

Generally, MOFs/ZIFs are formed by the combination of a single ligand and metal
ions. However, as research advances, there is growing interest in further refining the
surface, functionality, and porosity of MOFs/ZIFs 4°. These properties largely depend
on the configuration and functional groups of the ligands 4'. Consequently, the
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strategy of employing dual or multiple ligands, known as mixed-ligand engineering,
has garnered significant interest (Figure 1.4).

In mixed-ligand strategy, the ligand selection is crucial for determining the
properties of the synthesized MOFs/ZIFs. For instance, a secondary ligand can
introduce specific desired organic functional groups into the MOFs/ZIFs structure,
enabling the incorporation of multiple functional groups within the same framework 42
43, Additionally, potential synergistic effects between multiple functional groups can
enhance the functional properties of MOFs/ZIFs, creating a "1 + 1 > 2" effect, thus
increasing their practical value ° .

In earlier research, Deng et al. 43 successfully developed 18 types of mixed-
ligand MOF-5 by combining multiple functional groups, which significantly enhanced
their adsorption capacities for Hz, CO, and CO2 compared to single-ligand MOFs.
ZIF-62, synthesized using a mixture of two ligands—benzimidazole and imidazole—
demonstrated excellent thermal stability and the ability to melt prior to decomposition,
making it a key material for quenching processes to create unique MOF glasses 4446,
Others, Wang et al. 4" and Wu et al., 8 designed a range of MOF@MOF composites
using ligand engineering, yielding stable and highly efficient photocatalysts.

Despite these advances, verifying the distribution of new or secondary ligands
within the framework remains extremely challenging. Characterization techniques
such as nuclear magnetic resonance (NMR) and infrared (IR) spectroscopy are often
used to confirm the presence of ligands and their corresponding functional groups,
but determining the exact spatial distribution of ligands requires advanced atomic-
resolution electron microscopy. Unfortunately, most MOFs/ZIFs are electron-beam-
sensitive materials, which struggle to maintain their morphology and structure under
prolonged exposure to high electron doses 4°. While atomic-resolution imaging
requires higher electron doses to achieve sufficient clarity, the fragile nature of these
materials demands specialized electron microscopy, such as cryo-electron or low-
dose electron microscopy °°. Consequently, there are significant technical limitations
in characterizing these mixed-ligand MOFs/ZIFs.

In terms of synthesis, the feasibility of producing mixed-ligand MOFs/ZIFs often
relies on the use of hydrothermal methods to achieve uniform mixing of ligands and
facilitate crystal growth; however, this process typically requires higher energy input
(such as elevated temperatures and pressures) than single-ligand samples, leading
to increased resource consumption %'. Microwave-assisted synthesis provides further
potential to optimize these processes by allowing better control over parameters
such as reactor pressure, temperature, and reaction time. During crystal nucleation
and growth, the application of controlled microwave power and stirring ensures a
more homogeneous distribution of secondary ligands while significantly reducing
synthesis time. This is particularly advantageous for ZIF crystals. Therefore, all ZIF
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syntheses in this thesis were conducted using microwave-assisted reactors. Other
importantly, the presence of multiple organic ligands can lead to coordination
competition during the synthesis, which may expose more defects on the positive
side but can negatively affect the crystallinity and morphology of the structure 2.

In summary, the mixed-ligand strategy primarily involves introducing additional
ligands with key functional groups into the MOFs/ZIFs structure, thereby altering the
coordination structure and chemical properties to meet diverse application needs.
Limitations in characterization techniques and synthesis challenges underscore the
need for further research and innovation in this field. In Article #3 (Chapter 3), using
the mixed-ligand strategy, | synthesized a series of SOD-type ZIFs with mixed
ligands, achieving enhanced electrocatalytic activity and stability through in-situ
surface reconstruction.

- W\
.: Gs /\\\\/\

Metal Node Two different ligands

Figure 1.4: Schematic diagram of two different ligands mixed into a ZIF framework of
the same topology.

1.2.3 Selective ligand removal (SeLiRe) strategy

Recent years have been a growing attempt to design hierarchically porous
MOFs/ZIFs materials composed of micro- and mesopores, typically featuring
interconnected channels and structural defects 2. The inclusion of mesoscale
cavities and open metal sites broadens the scope of their potential applications.
Selective ligand removal (SeLiRe) is a powerful strategy for creating structural
defects and hierarchical porosity in MOFs/ZIFs, compared to traditional templating
methods 8. This strategy combines mixed-ligand method and labile ligand
decomposition (Figure 1.5). Initially, both stable and labile ligands are mixed during
synthesis, followed by the labile ligands are selectively removed by certain means,
leaving behind an abundance of missing ligand/cluster defects.

For example, during the SeLiRe process with thermolabile ligands, the bonds
formed between the thermolabile ligand and the metal nodes typically cleave
preferentially at high temperatures %3. This is accompanied by the detachment and
pyrolysis of the thermolabile ligand, while the thermostable primary ligand remains
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largely unaffected. This selective removal allows for the construction of new pore
structures and missing ligand/cluster defects, which can often be fine-tuned to some
extent by adjusting the thermolabile ligand ratio and the heating parameters.

To date, commonly reported methods include thermolysis 3%, hydrolysis °,
ozonolysis %, and laser photolysis %7, which can selectively remove labile ligands by
consuming high energy. For example, Zhou et al. 53 selectively removed thermolabile
ligands in multivariate MOFs (MTV-MOFs) to transform micropores into hierarchical
pores. Naghdi et al. ?° applied the thermal SeLiRe strategy to selectively eliminate
the secondary ligand in MIL-125-Ti, resulting in the formation of two unique
mesoporous structures—large cavities and branching fractures—which significantly
improved photocatalytic hydrogen generation. Zhou et al. 5 further utilized
developed a controlled advanced laser photolysis to remove photolabile ligands,
generating mesopores and more complicated patterns within the microporous UiO-
66-Zr in mere tens of milliseconds.

It is worth noting that, similar to the challenges faced in mixed-ligand strategy
(Section 1.2.2), controlling the ratio of labile ligands or the balance between labile
and primary ligands during synthesis can be challenging. The real spatial distribution
and local arrangement of labile ligands in mixed-ligand MOFs/ZIFs often remain
difficult to adjust precisely, resulting in additional pores or defects with unpredictable
structures after processing ''. Additionally, an excessive ratio of labile ligands with
bulky organic functional groups may interfere with the nucleation process of
MOFs/ZIFs, particularly those with imidazole or extended stacked aromatic carbon
ring ligands. Moreover, the removal process itself requires careful handling, as the
decomposition of labile ligands is often accompanied by a decrease in crystallinity,
and harsh removal environments (e.g., high temperatures or aqueous conditions)
can damage the morphology and parts of the framework structure. Therefore, the
careful selection of mild removal methods and easily removable ligands as the
secondary ligand is crucial for the SeLiRe strategy. Despite these challenges,
compared to traditional templating methods, the SeliRe strategy retains an
advantage in maintaining the crystallinity of MOF/ZIF while effectively allowing for
some degree of control over the distribution of additional pores and/or defects.

To further validate the distribution of additional pores and/or defects, as
previously discussed for the mixed-ligand strategy, advanced characterization
techniques such as high-resolution TEM/STEM and synchrotron-based XAS are
considered highly effective 5. For instance, using novel low-dose -electron
microscopy—which can prevent damage to the framework caused by high-energy
electron beams—Liu et al. 58 and Wang et al. ° successfully observe the missing
ligand/cluster defects in defective UiO-66, showing distinct spatial distributions of
defects coexisting with the ordered framework structure. These were evident from
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the contrast differences in HRTEM images compared to pristine UiO-66. While |
could not access such advanced low-dose EM techniques, in Article #1 (Chapter 3)
of this thesis, TEM images of SelLiRe_ZIF-8 revealed uniformly distributed bright
spots at the center of nanoparticles, which were inferred to indicate the presence of
additional pore structures through the SeLiRe strategy. Similarly, synchrotron XAS is
another powerful technique to probe the local defect structures in MOFs/ZIFs. In
Article #2, | utilized synchrotron XAS to analyze the coordination parameters of Zn
sites in SelLiRe_ZIF-8, verifying the presence of localized and unsaturated Zn—N:2
sites and their derivative HO-Zn—N2 sites. This is in stark contrast to the saturated
Zn—N4 sites observed in standard ZIF-8, further confirming the creation of missing
ligand/cluster defects and corresponding open metal sites via the SeLiRe strategy.
Similarly, Xue et al. 8° used Fourier-transformed XAS to demonstrate that introducing
missing ligand defects can generate unsaturated Co?* sites in Co-BDC MOFs.

In addition to advanced techniques, common characterizations such as IR (to
verify bond cleavage), NMR (to confirm ligand removal), and TGA (to analyze the
thermal decomposition of thermolabile ligands) are discussed/used in Article #1 (see
Chapter 3 for details). Despite the combination of various techniques enabling the
effective characterization of most SeLiRe-induced local structural defects in
MOFs/ZIFs, achieving in-situ characterization of the SelLiRe process under real
reaction or application conditions remains highly challenging 5'.

In summary, the SeLiRe strategy is a post-synthetic method widely applicable to
MOFs/ZIFs materials. The removal of labile ligands leads to the formation of
additional porous structures (e.g., channels and cavities) and missing ligand/cluster
defects, providing additional active sites and creating more pore space, which is
beneficial for potential applications. Article #1 has a detailed study on utilizing the
SelLiRe strategy to construct the hierarchically micro- and mesoporous ZIF-8,
ultimately enhancing its adsorption capacity for methylene blue.

Mixed-ligand Ligand-removed

Figure 1.5: Schematic diagram of the selective ligand 2-aminobenzimidazole
removal process for the mixed-ligand ZIF-8
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1.3 Open metal sites and single-atom catalysts

MOFs/ZIFs possess abundant and well-ordered metal nodes, making them one of
the most effective precursors for developing materials with open metal sites or
single-atom catalysts. Due to the unique properties of open metal sites, such as
isolated and dispersed metal atoms, fully exposed active sites, and distinct electronic
structures, the materials with these sites have been widely applied in various
catalytic reactions, demonstrating significantly higher catalytic activity compared to
traditional nano-catalysts 8.

In MOFs/ZIFs, the coordination interactions between the periodically arranged
ligands can act as fences, facilitating the atomic dispersion of target metal atoms.
Moreover, the ligands themselves provide abundant nitrogen and carbon elements,
which effectively anchor single metal atoms within the MOF framework. For example,
ZIF-8, a commonly studied SOD topological structure, has been extensively utilized
to anchor Fe, Mn, and even noble metal like Pt and Au onto nitrogen-doped carbon
(NC) derived from ZIF-8 pyrolysis, resulting in the formation of M-Nx/NC structures
(Figure 1.6) 6264 The widespread research on such active sites/structures has
become overly abundant, so specific examples will not be listed here 656,

While this approach has yielded good catalytic performance, it has certain
limitations or issues that could be considered counterproductive:

1. Loss of framework structure and crystallinity: The periodic framework
structure and crystallinity of MOFs/ZIFs, often regarded as their hallmark
properties, are entirely sacrificed during high-temperature pyrolysis in inert
gas atmospheres. The elaborate effort put into identifying suitable metal
nodes and ligands to synthesize MOF/ZIF structures ends up being wasted
when these materials are merely used as precursors for anchoring target
metal atoms.

2. Dependence on introduced metal atoms: The enhancement in catalytic
activity primarily stems from the introduced target metal atoms, which serve
as the real active sites, rather than from the inherent metal atoms within the
MOFs/ZIFs. For instance, in Fe-Nx/NC, the real active site is the Fe atom,
while the abundant Zn atoms originally present in ZIF-8 are evaporated at
temperatures above 900°C in an inert atmosphere 7 to enable the metal
dispersion and isolation of single Fe atoms.

3. Low yield and energy inefficiency: Thermolysis, the commonly used and
straightforward treatment method, results in the evaporation of most of the
original metal and ligand components from MOFs/ZIFs. Typically, the yield
after high-temperature pyrolysis does not exceed 5%, making industrial-scale
production or batch synthesis nearly impossible. Moreover, high-temperature

11
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and inert gas protection require substantial energy and resources, leading to
further inefficiencies.

In this thesis, | advocate for approaches that preserve the intrinsic framework
structure and crystallinity of MOFs/ZIFs while constructing suitable and stable open
metal sites or single-atom sites without introducing new metals. In Article #2
(Chapter 3), the Zn atoms originally present in ZIF-8 were used as the target metal
sites. Using the SeLiRe strategy, | engineered the high-valence HO-Zn—Nz2 sites to
serve as real active sites for enhancing catalytic activity, and the SOD topology of
ZIF-8 was successfully retained.

""_' L '@ . .S ! $ N - { { .‘- J
% 5 A X —— e dete 8
. W REIRRY
Fe-ZIF-8 foa FeNC L3S

AW Fe @N ) C % Cluster ) Nanoparticle

Figure 1.6: Schematic illustration of the synthesis of the Fe-NC electrocatalyst.
Reprinted with permission from Wiley-VCH ©8.

1.4 Environmental and energy applications

Over the past 20 years, at particularly relevant in the context of achieving carbon
neutrality and addressing escalating environmental issues, novel MOF materials
have garnered significant interest in the energy and environmental applications due
to their inherent and characteristic features 9. MOFs/ZIFs are extensively
researched and applied in areas such as wastewater treatment/purification and other
energy storage/conversion applications. Their high surface area and adjustable
porous structures allow for selective adsorption/separation based on molecular size
and polarity, such as gases, metal ions, and organic pollutants, which is of great
significance for environmental remediation 771, The abundance of metal active sites ,
combined with potential ligand defects, renders MOFs/ZIFs and their derivatives
highly effective catalysts for a range of electrochemical processes, such as the
hydrogen evolution reaction (HER), oxygen evolution reaction (OER), and oxygen
reduction reaction (ORR) 7275, Similarly, in energy storage applications, MOFs/ZIFs
can be used as electrodes in batteries and supercapacitors, where strategies such
as multiple hydrogen bonding and Tmr-mm stacking can effectively enhance the
energy/power density of the devices 7678,

12
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1.4.1 Water purification

Water scarcity and pollution are pressing global issues that humanity faces both now
and in the future, efficiently purifying industrial and domestic wastewater into potable
water is a crucial solution to this problem 7°. The high surface area, chemical
properties and adjustable porosity of MOFs/ZIFs have attracted significant attention
in the field of water purification, particularly for the adsorption and degradation of
pollutants (e.g., dye and heavy metals) in aqueous solutions 8981, Their high surface
area provides abundant adsorption sites for organic pollutants, while their tunable
porous structures allow for selective diffusion of molecules within the cavities.

Common adsorption mechanisms of MOFs and their derived materials include
electrostatic attraction 828, -1 interactions 84, hydrogen bonding &, Lewis acid-
base interactions 86, and physisorption 8. The adsorption properties can be further
enhanced by introducing ligand defects with additional mesopores, changing the
surface charge, synthesizing composites, or through the mentioned above strategies.
For example, Wang et al. 8 synthesized a series of amino-functionalized MOFs
(including MIL-101-NH2, MIL-53-NH2, UiO-66-NH2, and MOF-5-NH2) though the
mixed-ligand strategy, which showed significant potential for removing heavy metals.
Zhang et al. 8 introduced different functional groups (-NH2, -NOz, and -Br) into MIL-
53-Fe to achieve efficient adsorption of tetracycline (TCN) from aqueous solutions.
Naghdi et al. ® employed the SeLiRe strategy to obtain hierarchically porous MIL-
125-Ti for the adsorption of glyphosate from aqueous solutions, with the additional
mesopores increasing the adsorption capacity by nearly threefold. Similarly, Jhung et
al. °' enhanced the adsorption capacity of PCN-222-Fe for removing most cationic
dyes from aqueous solutions by introducing mesopores.

For the adsorption kinetics curves obtained from experimental data were
common fitted to pseudo-first-order (PFO) and pseudo-second-order (PSO) models
92 defined as follows Eq 1.4.1-2:

Q: = Q.(1 —e~ft) 1.4.1
K 2
0, = —2let 14.2
1+K,0,t

Here, Ky (min™") and K> (g mg™" min~") are the rate constants associated with
the PFO and PSO models, respectively. Some reports suggest that the PFO model
tends to describe physisorption occurring on the sample surface, while the PSO
model is indicative of chemisorption %3. However, this should be analyzed on a case-
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by-case basis and combined with characterization of the sample post-reaction to
determine if new bonds have formed.

For adsorption isotherms, the experimental data were common fitted to
Langmuir and Freundlich isotherm models *¢, defined as follows Eq 1.4.3-4:

_ QmaxKLCe
Q=" YR, 1.4.3
Q, = K:C,*/" 1.4.4

Here, Qmax (Mg g~") represents the maximum adsorption capacity. K. (L mg™)
and Kr (mg g™') (mg L") ™" are the constants of the Langmuir and Freundlich models,
representing adsorption capacity and the strength of the adsorbate-adsorbent
interaction, respectively. The parameter n describes adsorption intensity and reflects
the energy distribution and heterogeneity of the adsorption sites . The Langmuir
model typically describes monolayer adsorption on homogeneous surface, whereas
the Freundlich model typically describes multilayer adsorption on heterogeneous
surface %.

Similarly, MOFs/ZIFs can achieve water purification through the catalytic
degradation of organic pollutants. For instance, in photocatalysis, some MOFs with
semiconductor properties can generate electron-hole pairs under light irradiation.
The photoexcited electrons can react with Oz to form reactive superoxide radicals
(O27), while the positively charged holes can attack hydroxide ions or water
molecules to generate highly reactive hydroxyl radicals (+OH) 8'. These two radicals
possess high oxidation potentials, enabling them to degrade organic pollutants in
aqueous solutions through advanced oxidation processes (AOPs) within a short time
frame 9-°°. Numerous studies have reported the efficient photocatalytic degradation
of dyes in aqueous solutions using MOFs, thus achieving the goal of water
purification 81 100-102,

1.4.2 Water electrolysis to produce hydrogen

Water electrolysis is an efficient and rapid method of splitting water molecules (H20)
into hydrogen (H2) and oxygen (O2) 3. When powered by sustainable clean energy
sources, such as solar or wind power, it offers the added benefit of reducing carbon
emissions '%3. Hydrogen evolution reaction (HER) primarily occurs at the solid-liquid
interface of the electrode and the electrolyte, with different mechanisms for acidic
and alkaline electrolytes 194105 as follows Eq 1.4.5-10:
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Acidic:

Volmer: H;0"+ e~ +M - M — H,; + H,0 145
Heyrovsky:M — H,; + H;0" + e~ > M+ H, + H,0 1.4.6
Tafel: M —Hyy + M — Hyy — 2M + H, 14.7
Alkaline:
Volmer:H,0+ e~ +M > M —H,; + OH™ 1.4.8
Heyrovsky:M —H,y +H,0 + e~ - M+ H,+OH~ 1.4.9
Tafel: M — Hyy + M — Hyy — 2M + H, 1.4.10

HER is generally more favorable under acidic conditions, because the energy
required to adsorb hydrated protons (H3sO") is much lower than that of breaking the
H-O-H bond of water molecules under alkaline conditions '%. To date, noble metals
like Pt remain the benchmark HER electrocatalysts due to their fast kinetics and low
overpotential (0.1 V at 10 mA cm™2), but the high cost and scarce resources limit the
widespread applications '°7. In recent years, MOFs/ZIFs have been extensively
researched in the electrocatalysis field due to their inherent advantages, such as:

o Abundant metal nodes that serve as active sites.

« Tunable porosity can expose more unsaturated/defective active sites.

e Micropore structure allows water molecules to rapidly access the active sites.
o High surface area that exposes more reactive sites.

Therefore, effectively tuning the active sites is crucial for enhancing the HER
catalytic performance of MOFs/ZIFs. However, MOFs/ZIFs tend to be more "fragile"
in electrocatalysis, due to the relatively weaker coordination bonds between metal
nodes and organic ligands compared to the stronger ionic bonds found in inorganic
solids "%, This is exacerbated by the high and low pH values of the electrolytes. The
unstable structure coupled with potentially lower electrical conductivity of most
MOFs/ZIFs prevents their direct use as electrocatalysts. This issue can typically be
improved through strategies such as ligand engineering or incorporating additional
metal nodes, as detailed below section.

1.4.3 Water electrolysis to produce oxygen

For the anode reaction in water electrolysis, the oxygen evolution reaction (OER)
has more complex kinetics and thermodynamic requirements than HER '%°. This is
because OER involves four thermodynamically uphill processes, with at least three
intermediates, requiring a higher overpotential to complete the reaction '°. Currently,
two recognized OER mechanisms are the traditional adsorbate evolution mechanism
(AEM) and the lattice oxygen-mediated mechanism (LOM). The AEM mechanism is
mainly discussed here as follows Eq 1.4.11-20 1°°:
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Acidic:

H,O0+M—-> M—-0OH,y +H" + e~ 1.4.11
M—0Hy »M—04+ H" + e~ 1.4.12
2M — O4q = 2M + 0, 1.4.13
M —OH,y +H,0 - M —00H + H* + e~ 1.4.14
M—-00H,; > M+ 0,+ H*+ e~ 1.4.15
Alkaline:
OH  +M > M —0OHgy + e~ 1.4.16
M—0OH,; +0OH - M—04,+ H,0+ e~ 1.4.17
2M — 0 —» 2M + 0, 1.4.18
M—-0OH,; +0OH™ > M—00H,; + e~ 1.4.19
M —00H, + OH= - M + 0, + H,0 1.4.20

Unlike HER, OER is easier to occur in alkaline electrolytes compared to acidic
ones. This is because the first step of OER in acidic electrolytes involves the
dissociation of water molecules, leading to slower reaction kinetics, whereas in
alkaline electrolytes, this step is not involved. Rutile-type RuO: is often regarded as
the benchmark catalyst for OER, typically requiring only 0.3 V to achieve a current
density of 10 mA cm™2 1,

Due to the high overpotential required for OER, in-situ characterization
techniques should be employed to monitor the electro-oxidation of MOF structures,
to prevent them from transforming into metal hydroxides . For example, directly
using ZIF-67 in an alkaline environment under cyclic voltammetry can result in the
formation of high-valence cobalt (oxy)hydroxide nanosheets 2. Similarly, Tian et al.
113 demonstrated that upon applying a potential, a 3 nm thick oxyhydroxide layer
forms on the MOFs surface, eventually transforming into metal oxyhydroxide
nanosheets. For MOFs/ZIFs for electrocatalysis, several strategies can be employed
to avoid the electro-oxidation process and to enhance the catalytic activity/stability ">
114.

1. Constructing unsaturated active sites: Creating ligand defects in MOFs
can enhance their catalytic activity by exposing more active sites.

2. Introducing different functionalized ligands: Functionalized ligands with
various groups can modify the electronic environment and electrical density of
metal nodes.

3. Incorporating multiple metals: High activity metals doping such as Ni and
Cu can regulate the coordination environment and exert additional synergistic
effect.

4. Composite structure: Heterostructures interface can promote charge
transfer and provide more active sites by heterostructures interface.
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For example, Zhang et al. ' significantly enhanced OER activity and alkaline
stability by achieving post-synthetic ion exchange from MAF-X27-Cl to MAF-X27-OH.
Li et al. 8% introduced missing ligand defects to tune the Co-MOF electronic structure,
which exhibited excellent OER performance. Feng et al. '"® reported a low-
temperature sulfur treatment method for Fe-MOF, introducing SOs terminal ligands,
the resulting Femors-SO3 exhibited excellent stability and activity, making them highly
suitable for large-scale industrial applications. These strategies collectively aim to
overcome the kinetic barriers of OER and are also applicable to the previously
discussed HER, thereby enhancing the electrocatalytic performance and stability of
MOFs/ZIFs.

Despite these advances, these strategies still have limitations. They tend to
increase the structural complexity of MOFs/ZIFs, compounding synthesis complexity,
cost, and energy consumption. In electrocatalysis, especially for high-potential OER,
partial reconstruction and electro-oxidation are almost unavoidable, particularly in
high-pH alkaline electrolytes (1M KOH) % 12 not to mention the irreversible
chloride ion (CI7) corrosion encountered in seawater electrolysis. Additionally, the
inherently low conductivity of MOFs/ZIFs is challenging to improve significantly
through these strategies to match that of noble metals (Pt or Au) or carbon materials
(graphene and nitrogen-doped carbon). As a result, the catalytic performance of
most MOFs/ZIFs and their derivatives rarely reaches optimal levels. Most research
focuses instead on understanding structural evolution, catalytic mechanisms, and
interfacial reactions of MOFs/ZIFs rather than solely enhancing catalytic activity.
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Challenges and aims

As introduced in Chapter 1 of this thesis, metal-organic frameworks (MOFs) and their
subfamily of zeolitic imidazolate frameworks (ZIFs) have significant potential in
environmental and energy applications due to their unique features. They can meet
the demands for carbon neutrality and address energy and environmental crises.
Currently, MOFs/ZIFs face following main challenges in water purification and
catalytic applications: (1) limited access to active sites due to the lack of mesopores,
(2) saturated metal coordination hindering catalytic activity, (3) insufficient stability in
(photo)electrochemical environments, and (4) low electrical conductivity reducing
catalytic efficiency.

To overcome these critical challenges, this thesis focuses on ligand engineering
of sodalite topology ZIFs through mixed ligand (section 1.3.2) and selective ligand
removal (sections 1.3.3) strategies to alter their electronic structure and chemical
properties. Details on how these challenges are addressed to achieve the desired
objectives can be found in the cumulative papers in Chapter 3. Chapter 2 introduces
the instruments used for material characterization. Starting from Chapter 3, a
cumulative collection of published articles, and a summary of the highlights are as
follows:

Article #1 explores a ligand removal strategy of designing hierarchical porous ZIFs
with various topologies. Through controlled thermal treatments, the thermolabile
ligand can be quantitatively removed, thereby introducing mesopores of uniform size
and shape into the ZIF structure for methylene blue adsorption.

Article #2 focuses on the open metal sites in the SeLiRe-ZIF from Article #1 and
identifies their contribution to the HER mechanism. Advanced in-situ characterization
and computational simulations are used to validate the local structure of these active
sites that facilitate the water activation kinetics.

Article #3 continues a mixed ligand strategy by incorporating four distinct
heterocycles featuring amino groups as a respective secondary ligand, aiming to
construct a series of ligand-engineered ZIFs. A set of cutting-edge in-situ techniques
are used to deeply study the new ZIF samples to elucidate structural, electronic, and
functional changes during photo- and electrocatalytic OER processes.

Each article's introduction section thoroughly addresses the challenges faced by
ZIFs, their current status, and the motivation behind employing specific strategies to
tackle these challenges.

Finally, Chapter 4 summarizes the research, discusses the future application
prospects and challenges of MOFs/ZIFs materials, and proposes ideas for further
improvements.
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Characterization and methods

This chapter describes all the characterization equipment used to analyze the
electronic structure, chemical properties, and surface morphology of ligand-
engineered zeolite imidazole frameworks (ZIFs). Each section briefly provides the
introduction to the theoretical background, detailed information about the respective
equipment, and the steps for measuring the samples. Computational simulations and
detailed information on the sample synthesis are discussed in the corresponding
sections of the relevant articles or referred to the articles stored online.

2.1 X-ray spectroscopy techniques

2.1.1 X-ray diffraction

Background:

X-ray diffraction (XRD) is a commonly used, universal, and rapid characterization
technique employed by researchers to determine whether MOF materials are
crystalline and to provide certain information such as crystal structure and crystal
phase of the MOFs/ZIFs. In this thesis, since all materials are primarily in powder
form, every sample was tested for its Bragg characteristic peaks and crystallinity
using powder XRD. The stability of the samples before and after the reaction can be
easily demonstrated by comparing the changes in intensity and shifts of the Bragg
peaks obtained from the XRD measurements.

Setup:

The sample holder used is a single crystal silicon, and the sample powder is fixed
onto it with a drop of heptane. The XRD instrument used is an ANalytical X'Pert Pro
multi-purpose diffractometer (MPD) with Bragg-Brentano geometry. The X-ray
source is Cu, operating at a voltage of 45 kV and a current of 40 mA. Additionally, in-
situ temperature XRD measurements were utilized; for more details, please refer to
Article #1.

2.1.2 X-ray photoelectron spectroscopy

Background:

X-ray photoelectron spectroscopy (XPS) is a commonly used technique for analyzing
the electronic structure of the MOF surface near region, providing information on
elemental composition, oxidation states, and chemical environments within the
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MOFs/ZIFs. In this thesis, XPS was primarily used to analyze the high-valence
oxidation states (Articles #2 and #3) of the ZIF powders before and after the reaction,
such as the presence of Co®**, Co®* in CoOOH, and HO-Zn bond.

Setup:
The analyses were conducted using a custom-built SPECS XPS spectrometer
equipped with a monochromatized Al-Ka X-ray source (pFocus 350) and a
hemispherical WAL-150 analyzer (acceptance angle: 60°). For more details on the
equipment, sample preparation, and data analysis, please refer to the respective
articles.

2.1.3 X-ray absorption fine structure spectroscopy

Background:

X-ray absorption fine structure (XAS) spectroscopy is primarily driven by synchrotron
radiation, and is the premier contactless technique for measuring the electronic and
atomic structure around metal sites. The XAS spectra of condensed matter are
usually divided in two energy regions: X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS). By selecting specific metal
atoms of ZIF sample, it is possible to obtain information on the coordination number
(number of neighboring atoms), bond lengths, and local bonding structures. For
instance, in Article #2, it was demonstrated that OH groups are chemisorption to Zn
atoms, forming HO-Zn—-Nz2 sites.

Setup:

The Zn K-edge XAS data were collected at beamlines 1TW1B and 1W2B in the
Beijing Synchrotron Radiation Facility (BSRF, operating at 2.5 GeV with a maximum
current of 250 mA). The collected XAFS data were then processed using Athena
software for background, pre-edge line, and post-edge line calibration, refer Article
#2 for the detailed fitting procedure.

2.2 Infrared spectroscopy

Background:

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-IR) is a
crucial technique that utilizes infrared radiation to study the vibrational modes of
different bonds within MOF/ZIF frameworks. In this thesis, ATR-IR was used for most
samples to confirm the presence of organic functional groups within the framework,
such as in Article #1 and Article #3, which successfully demonstrated the presence
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of -NH2 groups to verify the successful incorporation of 2-aminobenzimidazole (NH2-
blm) into the ZIF framework.

Setup:
The IR spectra were obtained using a Perkin Elmer Two Spectrum equipped with a
LiTaOs detector.

2.3 Electron microscopy

2.3.1 Scanning electron microscopy

Background:

Scanning electron microscopy (SEM) uses an electron beam that scan through a
raster to obtain images of the morphology and structure of MOFs through the
interaction of electrons with the sample surface. In this thesis, SEM is commonly
used to simply determine the morphology of ZIF nanoparticles and to calculate their
particle size. It should be noted that since most MOF/ZIF materials are electron-
beam-sensitive and have poor conductivity, an ion beam sputtering equipment is
used for gold coating prior to testing. This forms a surface coating that serves as a
protective layer and enhances conductivity, allowing for high-quality SEM images.

Setup:

The SEM equipment used is an FEI Quanta 250 (Schottky-)FEG-SEM, provided by
the USTEM (University Service Center for Transmission Electron Microscopy) at TU
Wien, equipped with an ETD secondary electron detector and an EDAX-AMETEK
Octane Elite 55 detector.

2.3.2 Transmission electron microscopy

Background:

Transmission electron microscopy (TEM) involves an electron beam penetrating a
very thin sample or a copper grid loaded with MOF nanoparticles. As the electron
beam passes through the sample, the interactions between the electrons and the
sample produce images with varying brightness. Given that most MOF/ZIF materials
are electron beam-sensitive, it's crucial to avoid high-voltage electron beams that
can alter the morphology and damage the structure. In this thesis, TEM was
successfully used to confirm the presence of mesoporous cavities (Article #1) and
outer (oxy)hydroxide layers (Article #3).
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Setup:

The TEM equipment used is a Tecnai F20 FEG-TEM, provided by USTEM
(University Service Center for Transmission Electron Microscopy) at TU Wien,
equipped with an X-FEG and a Gatan Rio16 CCD-camera.

2.4 Ultraviolet-Visible spectroscopy

Background:

Ultraviolet-visible spectroscopy (UV-Vis) is used to determine the light absorption
(UV and visible) and reflection capabilities of MOFs, providing information on
electronic transitions and solution concentration. In this thesis, the diffuse reflectance
spectroscopy (DRS) mode of UV-Vis was utilized to test the powder samples of ZIFs,
assessing their ability to absorb visible light and calculate the band gap using
appropriate formulas (detailed in Article #3). For liquid samples, the standard mode
was employed to measure absorbance. By using the formulas, the concentration of
methylene blue (MB) in solution can be determined, which helps calculate the
adsorption capacity of the samples (detailed in Article #1).

Setup:
For powder DRS measurements, MgSOs4 was used as a baseline, and
measurements were conducted using a Jasco V-670 with an Ulbricht-sphere.

2.5 Raman spectroscopy

Background:

Raman spectroscopy is a contactless analytical technique based on the Raman
scattering principle, which involves the inelastic scattering of photons to determine
the vibrational modes of molecules within the MOF framework. In this thesis, Raman
spectra provided characteristic signals corresponding to different vibrational modes
of molecules in the ZIF ligands and corresponding organic functional groups. In
Article #3, the Raman spectrometer was coupled with an electrochemical cell for in-
situ electrochemical measurement. This enabled real-time monitoring of the
evolution of MOF structures on the electrode under various time points and applied
potentials, such as the transformation from ZIF-67 to Co(OH)2 to CoOOH during the
electrocatalytic OER process.

Setup:
The measurements were collected using a HORIBA LabRAM spectrometer with a
532 nm laser.
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2.6 Photoluminescence spectroscopy

Background:

Photoluminescence spectroscopy (PL) is a contactless analytical technique used to
study the photoelectric properties of MOFs by analyzing the light emitted when
excited electrons from the lowest unoccupied molecular orbital (LUMO) to the
highest occupied molecular orbital (HOMO). In this thesis, PL spectra was coupled
with an electrochemical cell for in-situ electrochemical PL measurement. In Article #3,
the PL spectra were used to monitor the intensity and shift of PL characteristic peaks
of ZIF samples on the electrode by varying the reaction time and applied potential,
providing insight into the degradation of the ZIF framework. For example, during the
electrocatalytic OER process, the PL characteristic peaks of ZIF-67 showed a
decrease in intensity and a blue shift over time, indicating its structural degradation.

Setup:

The measurements were performed using a PicoQuant FluoTime 300 spectrometer,
with the sample electrodes excited at a wavelength of 425 nm. The excitation source
was a 300 W xenon arc lamp equipped with a double-grating monochromator. The
detection system comprised a PMA Hybrid 07 detector and a high-resolution double
monochromator.

2.7 N2 Physisorption

Background:

N2 physisorption method is widely used to measure the specific surface area and
pore size distribution of various porous materials, and it is especially important for
MOF materials. The principle is based on the different gas adsorption characteristics
of open pores in the sample surface. By testing the equilibrium adsorption capacity
under a certain pressure, the physical adsorption properties of the MOF/ZIF
materials can be obtained through the calculation modeling.

Setup:

In this thesis, the specific surface area was determined using the Brunauer-Emmett-
Teller (BET) method, and the pore size distribution data were modeled using non-
local density functional theory (NLDFT). Prior to analysis, the samples were
degassed under vacuum at 150°C for 2-12 hours, followed by measurements at 77 K
using a Micromeritics 3Flex analyzer.
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2.8 Nuclear magnetic resonance spectroscopy

Background:

Nuclear magnetic resonance spectroscopy ('"H NMR) is a widely used technique for
detecting organic functional groups in MOF ligands. The principle is based on the
magnetic properties of certain atomic nuclei in the ligand molecules, which provide
information about their chemical characteristics. In this thesis, '"H NMR was used to
detect the successful incorporation of the secondary ligand and its removal process
by identifying the characteristic signals of the hydrogen atoms.

Setup:

ZIF samples were tested in a liquid phase environment by digesting them in ds-acetic
acid, and then liquid-phase 'H NMR spectra were recorded using a Bruker
ADVANCE 250 (250.13 MHz) instrument.

2.9 Thermogravimetric analysis

Background:

Thermogravimetric analysis (TGA) is a method used to track and measure changes
in the mass or weight of MOFs as the temperature increases under different gas
atmospheres (air, Ar, or Nz2). This method provides information on the thermal
stability and decomposition parameters of MOF/ZIF materials. In this thesis, as
described in Article #1, TGA was utilized to determine the suitable temperature
windows for selectively removing the secondary ligand to create mesopores and
defect structures, given that the primary ligand and the secondary ligand in the
mixed-ligand ZIF have different decomposition temperatures.

Setup:

Measurements were performed using a PerkinElmer 8000 instrument (Waltham,
USA), with samples heated in Al203 crucibles at a heating rate of 10°C/min in air, Ar,
or N2 flow.

24



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Results and discussion

This thesis is presented in a cumulative form and includes three peer-reviewed
articles reprinted with the permission of respective journals 1618 The contributed
articles are listed as follows:

Article #1:
"Hierarchically Micro- and Mesoporous Zeolitic Imidazolate Frameworks through
Selective Ligand Removal"
Zheao Huang, Jakob Rath, Qiancheng Zhou, Alexey Cherevan, Shaghayegh Naghdi,
and Dominik Eder *
Small, 2024, 20 (21), 2307981
DOI: https://doi.org/10.1002/smll.202307981
Article #2:
"Engineering of HO—Zn—-N2 Active Sites in Zeolitic Imidazolate Frameworks for
Enhanced (Photo)Electrocatalytic Hydrogen Evolution”
Zheao Huang, Zhouzhou Wang, Qiancheng Zhou, Hannah Rabl, Shaghayegh
Naghdi, Ze Yang *, and Dominik Eder *
Angewandte Chemie International Edition, 2024, €202419913
DOI: https://doi.org/10.1002/anie.202419913
Article #3:
"Ligand Engineering Enhances (Photo)Electrocatalytic Activity and Stability of
Zeolitic Imidazolate Frameworks via In-situ Surface Reconstruction”
Zheao Huang, Zhouzhou Wang, Hannah Rabl, Shaghayegh Naghdi, Qiancheng
Zhou, Sabine Schwarz, Dogukan Hazar Apaydin, Ying Yu *, and Dominik Eder *
Nature Communications, 2024, 15 (1), 939.

DOI: https://doi.org/10.1038/s41467-024-53385-0
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3.1 Summary of contributed articles

This thesis covers three distinct articles, all of which | am the first author of,
showcasing the research work of my Ph.D. The fundamental concept of these
articles is based on ligand-engineered sodalite topology ZIFs (ZIF-8 and ZIF-67),
involving mixed ligand and selective ligand removal (SeLiRe) strategies, and
investigation the performance enhancement of these strategies in dye adsorption for
water purification, hydrogen evolution reaction (HER), and oxygen evolution reaction
(OER) with ZIFs as adsorbents/catalysts.

Article #1:

| utilized the SelLiRe strategy to develop a series of hierarchical micro- and
mesopores ZIFs. The first step involves selecting a thermolabile secondary ligand to
synthesize mixed-ligand ZIFs with good crystallinity alongside the initial ligand. |
partially replaced the original ligand with the more thermolabile 2-
aminobenzimidazole (NHz2-blm) ligand. The second step involved selectively
removing NH2-blm by carefully cleaving the metal-ligand coordination. A series of in-
situ and ex-situ techniques were employed to clearly reveal the ligand removal
process, which was unaffected by the atmosphere (air, Ar or N2). To thoroughly
investigate the ligand removal process, a combination of in-situ and ex-situ
techniques was utilized, demonstrating that the process remained consistent under
different atmospheric conditions (air, Ar or N2). Compared to unmodified ZIF-8, the
ligand-removed ZIF achieved a 40-fold increase in methylene blue adsorption
capacity. This remarkable improvement was attributed to the creation of additional
mesopores via the SeLiRe strategy, which expanded the pore volume and facilitated
faster diffusion of dye molecules to the adsorption sites.

Comments:
As this was my first published paper during my Ph.D. study, the research depth was
somewhat limited. Most of the characterization techniques used were basic and
conventional. For instance, the detailed process of ligand removal relied heavily on
ATR-IR data rather than advanced in-situ temperature-dependent IR spectroscopy.
Although | attempted in-situ DRIFT (Diffuse Reflectance Infrared Fourier Transform)
experiments, the results were inconsistent with the ex-situ data, likely due to an
issue with the heater, and therefore, these results were not included in Article #1.
Additionally, as mentioned in Section 1.2.3, the distribution of secondary ligands
in mixed-ligand ZIFs is difficult to confirm, which also made it challenging to
accurately determine the location and quantity of the ligand-defect/domain-defect
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after applying the SeLiRe strategy. Advanced atomic-resolution electron microscopy
techniques were not utilized to conduct deeper investigations in this study.

Despite these limitations, Article #1 primarily serves to introduce a method for
creating additional mesopores within the ZIF framework and thoroughly validate its
feasibility and mechanism — the SeLiRe strategy. This approach also allows for the
design of open metal sites within the SOD-type ZIF framework, which connects
directly to the catalytic reactions studied in Article #2. It provides a pathway for
designing high-valence active sites, offering new ideas for enhancing catalytic
performance.

Article #2:

To extend the application range of SeLiRe ZIFs in other fields, | engineered well-
defined open metal sites ZIF (OMS-ZIF) via the SeLiRe strategy and investigating
their role in the HER mechanism. By combining in-situ electrochemical Raman/UV-
vis/PL spectroscopy and complementary techniques such as synchrotron X-ray
absorption spectroscopy, | verified that the Zn—N2 sites obtained by the SeLiRe
strategy preferentially chemisorbed OH anions in presence of alkaline electrolytes to
form localized HO-Zn—N2 active sites. These new sites remain stable during
electrocatalytic reactions while preserving the original ZIF framework structure.
Compared to the saturated Zn—Nzg sites in pure ZIF-8, these high-valence active sites
provide OMS-ZIF with great electrocatalytic stability, achieving a current density of
10 mAcm™ at 0.07 V overpotentials, with stable operation for over 120 hours.
Density functional theory (DFT) simulations further validated that the high-valence
HO-Zn—-N2 active sites promoted water activation kinetics, thereby facilitating the
overall HER process. Together, both of the aforementioned Articles #1 and #2
involved the SelLiRe strategy on ZIF-8 (Zn), and successfully addressed the
challenges in environmental and energy fields.

Comments:
As my third published paper during my Ph.D. study, this paper represents a more
focused and concise investigation compared to Article #1. It incorporated advanced
characterization techniques and extensive computational simulations to predict and
validate the catalytic performance of ZIFs. Building on the SeLiRe-ZIF developed in
Article #1, | employed state-of-the-art synchrotron XAS to confirm critical information
about the coordination environment, coordination number, and bond lengths of the
HO-Zn—-N2 active sites, as well as their transformations under electrocatalytic
conditions. | am particularly satisfied with the outcomes of Article #2.

However, despite the use of synchrotron XAS, one limitation remains: to achieve
more definitive monitoring of the transformations in open metal sites during catalysis,
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in-situ electrochemical XAS would have been ideal. Unfortunately, as this was my
first time using synchrotron techniques and due to the limited availability of
beamlines equipped for in-situ electrochemical cell, | could only rely on ex-situ data
to validate the presence and behavior of HO—Zn—N2 active sites in HER process.

The findings of Article #2 have provided a clear pathway for future research. |
plan to engineer HO—M—-Nz2 active sites, with noble metals such as Pt and Au as the
target metals, to further enhance catalytic activity and explore new possibilities in
electrocatalysis.

Article #3:

Next, | selected ZIF-67 (Co) which shares the sodalite topology with ZIF-8 (Zn), and
successfully incorporated four secondary ligands featuring aromatic carbon rings and
-NH2 groups through a mixed ligand strategy. These secondary ligands were
uniformly microwave synthesized with the primary imidazole ligand to construct a
series of ligand-engineered ZIFs (LE-ZIFs) with high crystallinity, aiming to
enhancing electrochemical OER activity and stability. To investigate the
reconstruction occurring during (photo)electrocatalytic reactions, | combined
continuous cyclic voltammetry, in-situ UV-Vis absorption, in-situ Raman, and in-situ
photoluminescence (PL) spectroscopy. | observed that the addition of the secondary
ligand hindered the complete reconstruction of the LE-ZIF structure into CoOOH
compounds; Instead inducing surface-limited reconstruction by forming an ultra-thin
CoOOH protective layer (4 nm), thereby enhancing stability under light irradiation
and applied electric fields to unprecedented values. Theoretical calculations
underscored the crucial role of the synergistic effect of the secondary ligand, which
reduced the Gibbs free energy, making the LE-ZIF more stable while accelerating
electron transfer to reactants, ultimately enhancing overall OER activity. Additionally,
the SelLiRe strategy for ZIF-67 failed due to the difficulty in finding a suitable
secondary ligand to create a thermal decomposition window for the original ligand,
detailed in the Supporting Information of Article #1.

Comments:

As my second published paper during my Ph.D. study, this paper marked my first
research focusing on electrocatalysis, specifically for OER applications. Since | was
initially unfamiliar with electrocatalytic OER, | spent a considerable amount of time
studying this process. Compared to the HER in Article #2, OER requires a higher
applied potential, making traditional ZIFs more prone to complete reconstruction and
electro-oxidation. | utilized three different in-situ electrochemical spectroscopy
techniques to monitor the electrocatalytic OER process. Furthermore, this paper
reported a series of five new mixed-ligand ZIFs, performing identical performance
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tests and characterizations on all samples to identify the best catalytic candidate and
demonstrate the differing structural evolution trends during OER. This work required
a significantly larger effort compared to Articles #1 and #2.

While incorporating a secondary ligand partially mitigated the electro-oxidation
process and improved electrical conductivity, it could not completely prevent surface
reconstruction, which ultimately led to the formation of core-shell structures in ZIF
particles. Two main limitations of this study are: 1) | did not use the atomic-resolution
electron microscopy to observe the atomic arrangement at the core-shell interface,
and nor monitor the growth of the CoOOH shell and the structural evolution of the
mixed-ligand ZIF during the electrocatalytic process using in-situ electrochemical
electron microscopy. 2) Although a synergistic effect or electronic transfer between
the CoOOH shell and the SOD-type ZIF core likely contributed to the enhanced
catalytic activity, | lacked the appropriate characterization tools to substantiate this
hypothesis and had to rely solely on computational simulations to infer the existence
of the synergistic effect.

Despite these limitations, | consider Article #3 to be my best publication during
my Ph.D. It offers a mixed-ligand strategy to enhance the catalytic stability and
activity, providing valuable insights for my research and for other researchers
exploring SOD-type ZIFs. This work also opens new avenues for studying other
topological MOFs/ZIFs using similar strategies, further expanding the scope of
catalyst design.

Overall, in this thesis, the modifications in porosity, electronic structure, and
chemical properties of sodalite topology ZIF-8 (Zn) and ZIF-67 (Co) are investigated
through mixed ligand and selective ligand removal strategies, providing a detailed
analysis of their applications in environmental and energy fields. The results of this
thesis have broad implications, offering new design principles for developing
multifunctional MOFs/ZIFs tailored for environmental and energy applications.
Furthermore, it highlights the potential for expanding these strategies to other
topological frameworks, paving the way for future advancements in the MOFs field.
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3.2 Published articles

3.2.1 Article #1

"Hierarchically Micro- and Mesoporous Zeolitic Imidazolate Frameworks through
Selective Ligand Removal"
Zheao Huang, Jakob Rath, Qiancheng Zhou, Alexey Cherevan, Shaghayegh Naghdi,
and Dominik Eder *
Small, 2024, 20 (21), 2307981

DOI: https://doi.org/10.1002/smll.202307981

As the first author of these articles, | led the entire research process, provided the
original idea, conducted most of the testing, and wrote the manuscript. The
corresponding Supplement Information can be found on pages 43-97.

Reprinted with permission from Small 6.
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Hierarchically Micro- and Mesoporous Zeolitic Imidazolate
Frameworks Through Selective Ligand Removal

Zheao Huang, Jakob Rath, Qiancheng Zhou, Alexey Cherevan, Shaghayegh Naghdi,

and Dominik Eder*

A new method to engineer hierarchically porous zeolitic imidazolate
frameworks (ZIFs) through selective ligand removal (SeLiRe) is presented.
This innovative approach involves crafting mixed-ligand ZIFs (ML-ZIFs) with
varying proportions of 2-aminobenzimidazole (NH,-bim) and
2-methylimidazole (2-mIm), followed by controlled thermal treatments. This
process creates a dual-pore system, incorporating both micropores and
additional mesopores, suggesting selective cleavage of metal-ligand
coordination bonds. Achieving this delicate balance requires adjustment of
heating conditions for each mixed-ligand ratio, enabling the targeted removal
of NH,-blm from a variety of ML-ZIFs while preserving their inherent
microporous framework. Furthermore, the distribution of the initial
thermolabile ligand plays a pivotal role in determining the resulting mesopore
architecture. The efficacy of this methodology is aptly demonstrated through
the assessment of hierarchically porous ZIFs for their potential in adsorbing
diverse organic dyes in aqueous environments. Particularly striking is the
performance of the 10%NH,-ZIF-2 h, which showcases an astonishing
40-fold increase in methylene blue adsorption capacity compared to ZIF-8,
attributed to larger pore volumes that accelerate the diffusion of dye
molecules to adsorption sites. This versatile technique opens new avenues for
designing micro/mesoporous ZIFs, particularly suited for liquid media

1. Introduction

Zeolitic imidazolate frameworks (ZIFs) are
a special sub-class of metal-organic frame-
works (MOFs) constructed from tetrahedral
metal ions (e.g. Zn, Co) bridged by im-
idazolate (IM) ligands.[!l ZIF-8 is a pop-
ular representative that is composed of
tetrahedrally coordinated zinc ions based
on zeolitic sodalite topology.l?! The pres-
ence of microporosity (pore size < 2 nm)
has allowed ZIF-8 to be extensively re-
searched in adsorption,] catalysis,!*l drug
releasel®! and hydrogen storage.l®l ZIFs
were initially regarded as structurally ideal
materials with tunable micropores. How-
ever, as research has progressed, the lack
of mesoscale cavities has shown to im-
pede the diffusion/adsorption of macro-
molecules (e.g. enzymes, drugs and particu-
late matter),-1% which severely restricts the
expansion of ZIFs’ application. Thus, the in-
corporation of mesopores (2-50 nm) in par-
ent ZIFs is crucial in order to meet the re-
quirements of modern applications.

scenarios necessitating efficient active site access and optimal diffusion

kinetics, such as purification, catalysis, and sensing.
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Recent years have seen an increasing
number of attempts at designing hierar-
chically porous MOFs (HP-MOFs), which
consist of both micro- and mesopores,
often with interconnected channels.!!!!2]
HP-MOFs are able to retain the advan-
tages of intrinsic micropores, yet the
presence of additional mesoscale cavities expands their po-
tential applications. In addition to reducing the restriction of
macromolecule diffusion, the existence of hierarchical pores
also exposes coordinatively unsaturated sites, facilitating en-
hanced catalysis and adsorption performance.[!*1213] Conse-
quently, many synthetic strategies have been developed to design
and construct HP-MOFs such as commonly used templating,**!
defect formation strategy,'®! and etching technique.'®! While
mesoporous structures can originate from the development of
defects, excessively random defects make it difficult to precisely
tailor the mesoporous features in terms of molecular size. Fur-
thermore, the template removal and etching processes often re-
sult in morphological or structural collapse, which can have detri-
mental effect on the crystal structure and relevant properties.!”]
In addition to these bottlenecks, it remains a challenge to control
size and spatial arrangement of the hierarchical pores, not only

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Structural characterization of mixed-ligand ZIFs. Schematic diagram of the ZnN, cluster and unit cell a) of the 50%NH,-ZIF. "TH NMR spec-
troscopy of pure ZIF-8, 30%NH,-ZIF and 70%NH,-ZIF b), from the entire "H NMR in Figure S1 (Supporting Information). All samples were digested
using d*-acetic acid and then tested by "H NMR. Ex situ ATR-IR spectra of 0-70%NH,-ZIFs, presented for the IR range at 400-550 cm~' and 3250~
3550 cm™! respectively c), from the entire IR spectra in Figure S2a (Supporting Information).

for the stability of the overall MOF framework, but likewise for
maintaining the integrity of the mesoscale cavities.[18-20]

A more promising strategy toward HP-MOFs was recently re-
ported by Feng et al.?!l and Naghdi et al.}]] and is based on
the selective ligand removal (SeLiRe) from mixed-ligand MOFs
through thermolysis. This strategy is a post-synthetic method,
which makes it applicable to a wider range of MOFs. Moreover,
the removal of the thermolabile ligand can result in the formation
of different mesoporous architecture, e.g. channels and cavities,
making it easier to control the porosity of HP-MOFs while main-
taining the intrinsic crystal structure. So far, however, the con-
struction of hierarchical pores via SeLiRe has not been achieved
with ZIFs.

Herein, we utilize the SeLiRe strategy for the first time to con-
struct ZIFs with controlled hierarchical micro/mesopores. Dis-
tinct functional groups are known to cause considerable differ-
ences in the ligand’s resistance to thermal treatments!?!??] There-
fore, the first step involves the synthesis of mixed-ligand ZIFs
(ML-ZIFs) with suitably distinct thermal stability. In this work, we
replaced different fractions of the original 2-mIm ligand with the
more thermolabile amino-functionalized NH,-bIm ligand. The
second step involves the selective removal of NH,-bIm through
careful cleavage of the metal-ligand coordination. In contrast
to the aforementioned MOF examples, the SeLiRe process with
ZIFs requires a more careful fine-tuning of various process con-

Small 2023, 2307981
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ditions including temperature, atmosphere and reaction time.
The process was monitored through various in situ techniques,
and the ligand removal was quantified through ATR-IR and 'H
NMR spectroscopies. In the third step, ligand-removed ZIFs (LR-
ZIFs) were assessed to have controlled micro/mesoporosity by N,
physisorption. Ultimately, we show that the hierarchically porous
structure of the new LR-ZIFs can significantly enhance the ad-
sorption capacity of various organic dyes in water.

2. Results and Discussion

2.1. Structural Characterization of Mixed-Ligand ZIFs

ZIF-8 is formed by the tetrahedral coordination of zinc ions
linked to the ligand 2-mIm.[***] Mixing in the thermolabile
ligand, NH,-bIm (Figure 1a), is a typical method for introduc-
ing amino groups.®! We synthesized a series of R%NH,-ZIFs
through solvent-assisted ligand exchange (SALE), where R% rep-
resents the synthetic mass of the NH,-bIm ligand (0-70%). In the
'H nuclear magnetic resonance ('H NMR) of Figure 1b, the ML-
ZIFs (30% and 70%) exhibit the typical spectral features of both 2-
mIm and NH,-bIm (characteristic quartets on sides of 7.35 ppm),
compared to pure ZIF-8. The quartets increase with increasing
R%, which allows quantification of the actual mixed-ligand com-
position by 'H NMR. Figure S1 and Table S1 (Supporting Infor-

© 2023 The Authors. Small published by Wiley-VCH GmbH
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mation) show that the respective contents are in good agreement
with the nominal values.

Attenuated total reflection infrared spectroscopy (ATR-IR) re-
veals the successful embedding of NH,-bIm ligands within the
ML-ZIF framework. Notably, an increase in the mixing ratio of
NH,-bIm is associated with elevated v(-NH,) modes (symmet-
rical at 3380 cm™! and asymmetric at 3460 cm™!, as seen in
Figure 1c; Figure S2a, Supporting Information), indicating ho-
mogeneous incorporation of NH,-bIm.[?2¢! Additionally, a new
band emerges at 506 cm™! (Figure 1c), intensifying with higher
NH,-bIm fractions within the structure. Correspondingly, the
original v(Zn—N) mode (at 421 cm™!) associated with metal-IM
bonds diminishes. Importantly, the 506 cm~' band is indepen-
dent of NH,-bIm itself (Figure S2b, Supporting Information) and
closely resembles the Zn—N band observed in ZIF-7 synthesized
using a benzimidazole ligand (bIm) with a structure akin to NH,-
bIm.[27:28]

The data therefore suggest that the new band is generated
by the new Zn—N bonding vibration between Zn and N on the
fused-imidazole ring on NH,-bIm (hence, the original Zn—N
is named Zn-N, and the new one is named Zn-N;). Note
that the original tetrahedral coordination of Zn?** is maintained
(Figure 1a). The decrease in v(Zn-N,) band and the increase in
v(Zn-N;) band are consistent with the increasing mixed-ligand
ratio, thus reflecting the competitive coordination between 2-
mIm and NH,-bIm (Figure S2¢,d, Supporting Information).

The X-ray diffraction (XRD) patterns of the ML-ZIFs exhibit
a close resemblance to those of ZIF-8, characterized by multi-
ple Bragg peaks, indicating well-preserved intrinsic structure and
good crystallinity (Figure S3a, Supporting Information). As the
ligand ratio increases, the intensity of the crystalline (011) peak
diminishes, accompanied by an increase in its full-width at half-
maximum (FWHM). This indicates the presence of structural
distortion due to the competitive coordination between the new
amino ligand and the original ligand, resulting in a weakening of
the crystallinity (Figure S3b, Supporting Information).[?*% Con-
sequently, this phenomenon introduces some degree of disor-
der, impacting the morphology and the “optimal” particle size,
causing the ZIFs to exhibit less stable growth compared to the
prior state (as observed in scanning electron microscopy, SEM,
in Figure S4, Supporting Information).

2.2. Influence of Temperature and Time on Selective Ligand
Removal

The thermal stability of the samples ranging from 0% to 70%
of NH,-bIm content was examined through thermogravimetric
analysis (TGA) under air atmosphere, heating up to 600 °C. The
TGA curves reveal distinct mass losses for the ML-ZIFs within
the temperature range of 200400 °C (Figure S5a, Supporting
Information). In the case of the 0-50% samples, the initial mass
loss ~200 °C appears relatively consistent, but a noticeable di-
vergence becomes apparent ~350 °C compared to the pure ZIF-
8 (0%). This divergence becomes more pronounced in the 70%
sample, where the mass loss is more substantial and initiates at
lower temperatures. This heightened mass loss is attributed to
the poorer thermal stability (200 °C) and excessive water evapo-
ration (25 °C).[2%31]
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The significant reduction in mass observed at temperatures
exceeding 400 °C corresponds to the structural breakdown of the
ZIFs framework due to ligand oxidation. Additionally, TGA anal-
ysis under isothermal heating conditions provides a clearer de-
piction, illustrating that the mass loss of ML-ZIFs at 300 °C pro-
gressively rises with increasing NH,-bIm content (Figure S5b,c,
Supporting Information). This observation suggests a quantita-
tive correlation between the extent of mass loss during heating
and the concentration of the NH,-bIm ligand incorporated in the
corresponding ML-ZIF structure.

Further analysis was conducted on all samples using ATR-IR
after subjecting them to varying temperatures and durations of
thermal treatment (details summarized in Figures S6-S8, Sup-
porting Information). Changes in intensity for bands associated
with NH,-bIm, including v (-NH,) and v, (-NH,), as well as
v(Zn-N,), were observed, as shown in Figure 2a,b. Notably, in
samples ranging from 10% to 50%, these bands exhibit reduction
between 250 and 290 °C, while for the 70% samples, the reduc-
tion occurs already within the range of 240 to 260 °C. In all the
cases, however, the bands such as v(Zn-N,), corresponding to 2-
mlIm, remain intact within these temperature ranges, indicating
its higher thermal stability compared to NH,-bIm (IR spectra in
Figure 2c).

Consistent with observations in 'H NMR spectroscopy, the dis-
tinctive quartets of NH,-bIm experience significant reduction fol-
lowing ligand thermolysis, with their chemical shifts becoming
barely discernible after 2 h (Figure S9, Supporting Information).
Since the amino group is unique to NH,-bIm, the decline in v(-
NH,) due to temperature can be attributed exclusively to the re-
moval of NH,-bIm. Likewise, the decrease in v(Zn-N,) with in-
creasing heating temperature and duration confirms the quanti-
tative removal of NH,-bIm from the organic framework through
thermolysis, involving cleavage of the Zn-N, bond.

The intricate interplay between calcination temperature and
duration is visually depicted through 2D contour plots, aiding in
the identification of specific parameters for achieving quantita-
tive selective ligand removal (Figure 2d; Figure S10, Supporting
Information). For instance, in the case of the 30% sample, either
a prolonged exposure at lower temperature (e.g. 260 °C for 8 h)
or a shorter duration at higher temperature (e.g., 290 °C for 2 h)
is effective in selectively removing the NH,-bIm ligand. In sam-
ples with higher ratios (e.g., 70%), even lower heating conditions
suffice (Figures S11,S12, Supporting Information). However, it
is important to note that while thermolysis effectively removes
NH,-bIm, it may also compromise the inherent framework struc-
ture of ZIF-8. This non-desirable impact on the metal-organic
framework underscores the need for meticulous precision when
defining the heating parameters.

The influence of ligand removal on framework alterations was
explored through in situ X-ray diffraction (in situ XRD). The com-
prehensive diffraction patterns for all samples are summarized in
Figures S13 and S14 (Supporting Information). Figure 2e high-
lights the dynamic changes in the intensity of the (011) peak for
the 30% sample at different temperatures and durations. The
data indicate that no observable changes occur at heating tem-
peratures and durations below 290 °C and 2 h. Beyond these
thresholds, the inherent structure and crystallinity of ZIF-8 pro-
gressively deteriorate, eventually resulting in the emergence of
peaks corresponding to hexagonal wurtzite ZnO. Similar obser-
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Figure 2. The effects of heating temperature and duration on selective ligand removal. Evolution of the v(-NH,) and v(Zn-Ng) bands extracted from
ex-situ AIR-IR for 30%NH,-ZIF a) and 70%NH,-ZIF b) upon heating in air, monitoring the selective removal of NH,-blm. Ex situ ATR-IR spectra and
in situ XRD of 30%NH,-ZIF at room temperature, 290 and 400 °C c). 2D contour plot of v(-NH,) intensity in ML-ZIFs versus calcination temperature
and duration d). Data are extracted from the IR spectra in Figures S6-S8 (Supporting Information) at 3250-3550 cm™" for v(-NH,), 400-550 cm~"' for
v(Zn—N). Evolution intensity plot of (011) peak with calcination temperature/duration in the in-situ XRD of 30%NH,-ZIF e) in air. Data are extracted
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from the XRD patterns in Figures S13 and S14 (Supporting Information).
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vations can be extended from the 2D/3D contour plots of other
ML-ZIFs, with the vanishing of the (011) peak accelerating as the
proportion of thermolabile NH,-bIm increases, signifying a di-
minishing thermal stability of ML-ZIFs (Figure S15, Supporting
Information).

It's noteworthy that the effective temperature ranges for
achieving selective ligand removal in ML-ZIFs are relatively
narrow, spanning ~40-50 °C. This range contrasts with the
broader window of ~150 °C found in traditional MOFs con-
taining amino-terephthalic acid ligands (e.g., NH,-MIL-125 and
NH,-Ui0-66).[1>21:321 The narrow thermolysis temperature win-
dow for both ligands, makes it challenging to selectively remove
a particular ligand in this system. For instance, in the case of ZIF-
67, which is a cobalt-based analog of ZIF-8, our attempts were un-
successful primarily due to the low thermal stability of the Co—N
bond within ZIF-67 (Figures S16-S18 and Section S2, Support-
ing Information).

Hence, the collective findings from TGA, ATR-IR, 'H NMR,
and XRD analyses validate that subjecting the ML-ZIFstoa 2 h
thermal process at 260 °C (for 70% composition) and 290 °C (for
10-50% compositions) achieves the precise elimination of NH,-
bIm while maintaining the integrity of the framework structure.

2.3. Characterization of Pore Structures in LR-ZIFs

The impact of varying calcination conditions and mixed-ligand
ratios on the pore structure of ligand-removed ZIFs (LR-ZIFs)
was assessed through N, physisorption at 77 K. Pure ZIF-8,
heated ZIF-8 (290 °C for 2 h) and ML-ZIF exhibit type-I isotherms
with no pores exceeding diameters of 2 nm, characteristic of
typical microporous materials (Figures 3; Figures S19 and S20,
Supporting Information). The situation is different with the LR-
ZIFs. Utilizing nonlocal density functional theory (NLDFT), we
observed that the distinct peak centered at 1.2 nm, representa-
tive of intrinsic micropores, is largely preserved independent of
the initial mixed-ligand ratio. However, the LR-ZIFs exhibit addi-
tional pores in the range from 2 to 30 nm (Figure 3). Moreover,
the volume ratio of micro- to mesopores and the size distribu-
tion of mesopores are both contingent on the heating duration
and initial ligand composition of the samples.

Let us focus first on the influence of heating duration.
Figure 3a illustrates that the sample 30%NH,-ZIF (ML-ZIF)
lacks mesopores initially, yet following a 0.5-h thermolysis, a dis-
cernible mesopore emerges measuring ~2.8 nm in diameter, ac-
companied by a decrease in micropore volume. Subsequently,
the volume and dimensions of the mesopores grow from 0.5 to
2 h, culminating at 2 h with a diameter of ~3.5 nm and a maxi-
mum mesopore volume of 0.067 cm? g~!. Importantly, the micro-
pore volume and specific surface area exhibit no pronounced re-
duction trend during this period, signifying a stable hierarchical
structure at the 2 h mark of heating (Figure 3b; Figure S20, Sup-
porting Information). In contrast to this, following a 5-h calcina-
tion, both the specific surface area and micro/mesopore volume
experience a notable decline (Table S2, Supporting Information),
attributed to partial framework collapse, as confirmed by XRD
and IR analyses.

Continuing, we examine the influence of the initial ligand ra-
tio, specifically focusing on a 2-h thermolysis duration (0-50%
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at 290 °C, 70% at 260 °C). The findings reveal a significant aug-
mentation in the size distribution of mesopores with escalating
NH,-bIm content, spanning from 3—4 nm in the 10% sample to
~4-25 nm in the 70% sample. This size expansion is concomitant
with a reduction in micropore volume ratio (Figure 3c,d). Intrigu-
ingly, a more intricate bimodal meso-porosity distribution is no-
ticeable at 50% (featuring an additional peak ~6 nm), along with
a multimodal distribution at 70%. Furthermore, the 70% sam-
ple seems to have lost all the microporous structures, retaining
only mesopores distributed within the range of 4-25 nm. These
observations imply that the transition of the mesoporous struc-
ture tends to be gradual and is influenced by the initial ligand
ratio.

Transmission electron microscopy (TEM) images of the 30%
sample before and after ligand thermolysis further verify the
presence of hierarchical pores (Figure 3e,f). The illuminated re-
gions denote the existence of mesoscale voids that are uniformly
arranged throughout the particles, resulting in a sponge-like
porous configuration. The size of these mesopores observed in
the TEM images mainly ranges from 3 to 4 nm, further sup-
porting the porosity distribution diagram obtained from N, ph-
ysisorption. Notably, these illuminated patches are more pro-
nounced at higher MLligand ratios, underscoring the augmented
mesopore dimensions compared to lower ML ratios (Figure S21,
Supporting Information). Importantly, these changes caused by
SeLiRe do not affect the chemical state and elemental composi-
tion of the surface, which is well illustrated by the fact that Zn 2p
and N 1s edges are not significantly shifted in the XPS of ZIFs be-
fore and after SeLiRe process (Figure S22, Supporting Informa-
tion). After two hours of heat treatment, analyses of N 1s peaks
clearly show a decrease of the C—N/Zn—N ratio from 49.8% to
38.4% for the sample 30%, and from 70.3% to 53.9% for the sam-
ple 70%. This direct evidence further confirms the occurrence of
SeLiRe process in ML-ZIFs during the heat treatment.[!]

2.4. Mechanism of Hierarchical Pore Formation

Our research has unveiled a molecular-scale mechanism govern-
ing the formation of hierarchical pores that is intricately linked to
the mixed-ligand ratios (Figure 4). In the context of mixed-ligand
ZIF-8, it is established that lower concentrations of the thermola-
bile ligand generally lead to the creation of smaller nanodomains
with a random disposition.33! Conversely, at higher NH,-bIm
concentrations, the thermolabile ligand has a propensity to ag-
gregate around ZnN, clusters, giving rise to larger domains.3334]

Upon elevation of temperature, the thermolabile NH,-bIm un-
dergoes direct decomposition through cleavage of the Zn—N,
bonds, marking the initiation of a one-step SeLiRe process. Si-
multaneously, the evaporation of small molecules like NO,, CO,,
and H,O occurs,?!%°] often accompanied by an intensification
of the sample’s color (Figure S23, Supporting Information). This
process contrasts with the SeLiRe mechanism observed in MOFs
featuring the amino-terephthalic acid ligands, where a two-step
cleavage occurs, and ligand decomposition results solely from the
second (delayed) cleavage.['*?!] Moreover, in contrast to MOFs,
we observed that the SeLiRe process in inert gases (Ar and N,)
can also be achieved in the case of ML-ZIFs (Figures S24-S32
and Section S4, Supporting Information), underscoring that the
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Figure 3. Hierarchical pores in LR-ZIFs. NLDFT porosity distributions of 30%NH,-ZIF-time a) and R%NH,-ZIF-2 h c). Time-dependent plot showing
the change of micro-, mesopore volume and BET specific surface area with calcination time from 0-10 h b). Ligand-dependent histogram showing the
change of pore volume ratio and BET specific surface area with mixed-ligand ratio d). TEM images of 30%NH,-ZIF before €) and after f) calcination 2 h.

The distribution of mesopore size is plotted inside (f).

decomposition of NH,-bIm is not ascribable to oxidation and can
transpire independently.

In accordance with existing literature findings,3¢%”] the break-
ing of Zn—N bonds tends to occur more readily upon heating
compared to the breakdown of the imidazole ring structure. As
the ligand connections gradually weaken, the count of ZnN,
tetrahedral clusters linked to nitrogen starts diminishing (as in-
dicated by the decline curve in Zn-N, in the IR spectrum). Draw-
ing from our observations, it is reasonable to deduce that these
disengaged ZnN, clusters, in conjunction with the adjacent ab-
sent ligands, coalesce to form cluster-defects and additional Zn
sites within the frameworks.®®! Computational simulations by
Zhang et al. provide further support for the thermodynamic fea-
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sibility of metal and ligand vacancy formation within the ZIF-8
framework.[*°]

To validate the structural integrity under this mechanism, we
employed density functional theory (DFT) calculations on the
LR-ZIFs framework structure, simulating the removal of various
ligand-clusters. Figures S33 and S34 (Supporting Information)
depict the LR-ZIFs unit cell post the elimination of one, two,
and four Zn-N, clusters, alongside their associated ligands (Sec-
tion S5, Supporting Information). The outcomes confirm that the
fundamental framework structures remain largely intact upon
the introduction of mesopores at the molecular level. Further-
more, the similarity in terms of formation energy values of frame-
work with various number of Zn-N, clusters removed demon-
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Figure 4. Schematic diagram of the proposed mechanism for the SeLiRe process. The formation of mesopores is guided by the initial distribution of
the NH,-bIm ligand that classifies the formation of defects into small and large domains as well as by the chosen conditions for thermolysis. The blue
units represent the ligand 2-mIm, and the yellow units represent the ligand NH,-bIm.

strates the thermodynamic stability of cluster-defect configura-
tions (Table S3, Supporting Information). The collective findings
from XRD, XPS, SEM, TEM, and ATR-IR underscore that the
SeLiRe process exerts minimal impact on the structural integrity,
affirming that the LR-ZIFs effectively retain the intrinsic frame-
work architecture of ZIF-8.

The classification of the resulting cluster-defects as either
smaller or larger is contingent upon the domain distribution
originating from the ligand ratio during synthesis. The forma-
tion of these cluster-defects fundamentally influences the meso-
porous structure, and their classification is intricately linked to
the initial distribution of the thermolabile linker. This mesopore
transition is characterized by its continuous nature, signifying
that the mesopore structure of LR-ZIFs undergoes a gradual evo-
lution with escalating ligand ratios. This stands in contrast to
the discrete dual-pore features, comprising channels and cav-
ities, observed in MIL-125-Ti, which necessitates distinct syn-
thetic pathways.[!3]

2.5. Enhancing Dye Adsorption in Water Purification
In order to assess the enhanced efficacy of the LR-ZIFs, we con-

ducted tests to evaluate the samples’ ability to adsorb signifi-
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cant organic pollutants from water. Our previous work show-
cased the substantial improvement in glyphosate molecule ad-
sorption by incorporating larger mesopores into MIL-125-Ti.[*0]
This enhancement was attributed to the facilitated diffusion of
glyphosate molecules into the MOF framework and the provi-
sion of new adsorption sites following ligand removal. These sites
were ideally suited for glyphosate adsorption through phospho-
nate coordination.

In this study, we examined how the introduction of hierarchi-
cal pores in ZIF-8 impacts the adsorption of various dyes, includ-
ing methylene blue (MB), methyl orange (MO), and Rhodamine
B. The results are presented in Figures S35-S38 (see Section S6,
Supporting Information).[*!] As summarized in Figure 5a, the se-
lective removal of ligands leads to a significant increase in the
adsorption capacity for MB. Notably, the 10%NH,-ZIF-2 h sam-
ple exhibits the highest MB adsorption capacity, achieving an en-
hancement of ~40 times compared to ZIF-8 (Figure 5a,b).

The inherent pore channels of ZIF-8 and ML-ZIFs (with di-
mensions of 3.4 A)[*2l appear to hinder the diffusion of MB
molecules (with dimensions of 17.0 x 7.6 x 3.3 A)*! into the
central cavities with dimensions of 11.6 A (see NLDFT Sec-
tion 2.3 and),[*?! thus limiting the utilization of Zn centers as
adsorption sites. In contrast, the creation of hierarchical mi-
cro/mesopores through ligand thermolysis eliminates this dif-
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Figure 5. Adsorption of Methylene blue. Maximum adsorption capacity (Qp,,,) of ZIF-8, 10%NH,-ZIF and 10%NH,-ZIF-2 h, revealing that the intro-
duction of mesopores greatly enhances the adsorption of MB a). Q,., of LR-ZIFs with different mixed-ligand ratio b). Adsorption mechanism in unit cell
of ZIF-8 and LR-ZIF; the MB molecule approximately has the dimensions 17.0 x 7.6 x 3.3 A and fits well within the newly created mesoscale cavities c).

fusion constraint, resulting in an amplified adsorption capacity
(Figure 5c).

Similar trends are observed with the anionic methyl orange
and the cationic rhodamine B (Figure S37a,b, Supporting Infor-
mation), indicating that electrostatic interactions have a minor
role in dye adsorption. Interestingly, the adsorption capacity of
10%ML-ZIF is also enhanced by 5 times compared to pure ZIF-
8. While this enhancement is usually attributed to additional elec-
trostatic adsorption between the sulfonic groups of MB and the
-NH, group on the surface,?>*!] the absence of significant elec-
trostatic interactions in LR-ZIFs point to a different mechanism.
This suggests that diffusion plays a more crucial role than attrac-
tive electrostatic interactions.

The adsorption kinetics and isotherms data exhibit the closest
agreement with the Pseudo-second-order (PSO) and Langmuir
models, as summarized in Tables S4 and S5 (Supporting Infor-
mation). This observation suggests that the adsorption reactions
likely involve chemisorption and monolayer molecular adsorp-
tion, in line with previous research.*>¢] However, it is impor-
tant to highlight that although the PSO model provides the best
fit, this does not necessitate chemisorption within the ZIFs.[*’] It
is essential to integrate findings from other analytical techniques
and thoroughly investigate the chemical nature of the adsorbent
surface.

For a more precise understanding of the adsorption process,
we performed a comparative analysis of IR bands and XRD
patterns before and after the adsorption of MB/MO. The post-
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adsorption spectra exhibit no emergence of new bands or signif-
icant shifts in the existing bands. However, the IR bands from
the dye references are distinctly visible and unchanged (refer to
Figure S38a,b, Supporting Information). This confirms that the
predominant mode of dye adsorption by the LR-ZIF samples, ir-
respective of the dye’s charge (anionic or cationic), is physisorp-
tion. Furthermore, our evaluation of powder XRD data and cyclic
tests conducted before and after MB adsorption demonstrates
that LR-ZIFs serve as effective and enduring adsorbents (refer
to Figure S38¢,d, Supporting Information).

Certainly, the enhanced adsorption of dyes can be attributed to
a combination of key factors. Primarily, the increased availabil-
ity of space, particularly the higher pore volume facilitated by the
mesopore cavities, plays a pivotal role in achieving a larger ad-
sorption capacity. This augmented pore volume offers additional
active sites within the adsorbent material where dyes can be ef-
fectively accommodated.

Equally important is the improved accessibility of these pore
cavities. When the pores are easily accessible, dyes can seam-
lessly diffuse into the adsorbent matrix, resulting in a heightened
adsorption efficiency. This improved accessibility ensures that
dyes can engage effectively with the active sites present within
the adsorbent structure, thus facilitating a more efficient adsorp-
tion process. It's important to note that this mechanism differs
from the glyphosate adsorption process observed in MIL-125-Ti,
which involves phosphonate coordination with unsaturated Ti
sites combined with hydrogen bond formation.[*?]

© 2023 The Authors. Small published by Wiley-VCH GmbH
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In essence, the synergistic effect of increased pore volume and
enhanced accessibility to pore cavities significantly contributes to
the overall heightened dye adsorption observed within the mate-
rial.

3. Conclusion

Zeolitic imidazolate frameworks (ZIFs) represent a class of
microporous materials comprising metal ions interconnected
by imidazolate linkers. Despite their demonstrated potential
in numerous applications, the absence of mesoscale cavi-
ties in most ZIFs can hinder specific functionalities that de-
mand rapid and unimpeded access to active adsorption sites.
Such functionalities encompass catalysis, sensing, and the ad-
sorption of substantial molecules in both air and aqueous
environments.

To surmount this limitation, we have pioneered an innovative
approach by fabricating mixed-ligand ML-ZIFs, utilizing varying
proportions of NH,-bIm (2-aminobenzimidazole) and 2-mIm (2-
methylimidazole). Through precisely controlled thermal treat-
ments, we achieve the quantitative elimination of the thermola-
bile ligand NH,-bIm, thus introducing uniform mesopores with
consistent size and structure within the ZIF matrix.

Our comprehensive investigation, leveraging an array of ex
situ and in situ techniques such as XRD, SEM, TEM, ATR-IR,
TGA, and 'H NMR, has elucidated the mechanism of ligand re-
moval, unaffected by the ambient atmosphere (air, Ar, or N,).
This indicates that the removal process ensues via the selec-
tive cleavage of metal-ligand coordination, rather than oxidation.
However, the close temperature proximity between NH,-bIm and
2-mIm presents a challenge in achieving precise ligand removal,
necessitating meticulous calibration of heating temperature and
duration for each mixed-ligand composition. Such careful cali-
bration is imperative to achieve the complete elimination of NH,-
bIm, the introduction of uniform mesopores, the prevention of
ZnO nanoparticle formation, and the preservation of the inher-
ent microporous framework of the ZIF.

Furthermore, our observations underscore the pivotal role
played by the initial distribution of the thermolabile ligand in the
as-synthesized ML samples, influencing the resulting configura-
tion of the mesopores. This emphasizes the critical importance
of stringent control during the synthesis process.

To demonstrate the versatility and broad applicability of our
selective ligand thermolysis, we have evaluated the resulting hi-
erarchically porous ZIF specimens for the adsorption of organic
dyes in aqueous media. Impressively, the adsorption capacity for
methylene blue (MB) in the case of 10%NH,-ZIF-2 h exhibited
an ~40-fold increase compared to conventional ZIF-8. Moreover,
the 10%NH,-ZIF-2 h sample showcased recyclability and stabil-
ity in MB adsorption. This substantial enhancement in adsorp-
tion performance is attributed to the incorporation of additional
mesopores through the Selective Ligand Removal (SeLiRe) pro-
cess, which provides larger pore volumes for dye molecules and
facilitates expedited transport of these molecules to adsorption
sites.

In essence, our work introduces a promising avenue for
designing hierarchically micro/mesoporous ZIFs with diverse
topologies, thereby unveiling fresh possibilities for a range of ap-
plications.
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4. Experimental Section

Chemicals:  Zinc nitrate hexahydrate (Zn(NOs),-6H,0, 98%,
ACROS), Cobalt nitrate hexahydrate (Co(NOj3),-6H,0, 99%, STREM)
2-methylimidazole  (2-mIm, C4HgN,, 99%, Sigma-Aldrich), 2-
aminobenzimidazole (NH,-blm, C;H;N;, 97%, Sigma-Aldrich),
Methanol (MeOH, 99.9%, HiPerSolv CHROMANORM, VWR), Potas-
sium bromide for IR spectroscopy (99%, Fisher scientific, Austria),
Sulfuric acid (H,SO4, 99.9%, Sigma-Aldrich), Methylene blue (MB,
Cy6H13CIN3S-xH, O, high purity, biological stain, Alfa Aesar), Methyl or-
ange (MO, Cy4H4N3;NaOsS, 90%, Sigma—Aldrich), Rhodamine B (RhB,
C,y3H31CIN, O3, pure, 99%, ACROS), d,-acetic acid for NMR (CD;CO,D,
99.4%, Thermo scientific).

Ligand-Removed ZIF-8: LR-ZIF-8 or R%NH,-ZIF-time/temp refers to
the ZIF-8 samples obtained by thermolysis of ML-ZIF-8 at specific tem-
peratures for specific time periods (Section S7, Supporting Information).
The heating process was conducted using a muffle furnace (LT 5/12
Nabertherm, Germany) in an air atmosphere, ramp rate of 10 °C min~".
Or a tube furnace (HTM Reetz LK-1100, Germany) with argon/nitrogen
flow at a ramp rate of 10 °C min~". The final temperature was allowed
to cool naturally to room temperature. For air atmosphere, the calcina-
tion temperature is 290 °C for 0-50%NH,-ZIFs and 260 °C for 70%. For
argon/nitrogen flow, the calcination temperature was 500 °C for 30%NH,-
ZIF and 400 °C for 70%NH,-ZIF. The samples were labeled as R%NH,-
ZIF-time/temp (or R%-time/temp), where R% indicates the mixing ratio
of various NH,-blm, time is the calcination time, and temp indicates the
special calcination temperature.

Characterization: Powder XRD measurements were performed using
PANalytical X'Pert Pro multi-purpose diffractometer (MPD) with Bragg
Brentano geometry with Cu anode at 45 kV, 40 mA, equipped with a BBHD
Mirror and an X-Celerator multichannel detector. In situ XRD is used with
the addition of the Anton Paar HTK 1200 temperature control system,
with a heating rate of 5 °C min~'. The sample was heated with a flow
rate of 0.5 mL min~" of air, argon, and nitrogen. ATR-IR spectra were ob-
tained with Perkinelmer Spectrum two FT-IR spectrometer, with the LiTaO;
(lithium tantalate) MIR detector. N, Physisorption measurements were
conducted at a temperature of 77 K, on a 3Flex instrument by Micromerit-
ics. SEM images were recorded on a FElI Quanta 250 (Schottky-)FEG-
SEM, TEM measurements displayed in this paper were performed on a
Tecnai F20 FEG-TEM, facilitated by USTEM (university service center for
transmission electron microscopy) at TU Wien. Raman spectroscopy mea-
surements were carried out using the WITec alpha 300 RSA. UV-Vis and
DRS were obtained at 660670 nm by Jasco V-670. Liquid phase "H NMR
spectra were measured using the Bruker ADVANCE 250 (250.13 MHz) in-
strument, which is equipped with a 5 mm inverse-broad probe head and
z-gradient unit. TGA measurements were carried out using PerkinElmer
8000 (Waltham, USA) with the sample heated in of Al,O5 crucible DFT
calculations were performed by using the Vienna ab initio program pack-
age (VASP). More details are in the Supporting Information..

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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S1. Ligand NH;-bIm mixing and removal process

(a) 0%NH,-ZIF (ZIF-8)

S— T 3T

68

< (b) 10%NH,-ZIF

267

—~-7.35

1.00

184 1.00 7.50 0.99 1463
T T T T T

T T T T T
90 85 80 75 70 65 60 55 5
Chemicl Shift (ppm)

() 30%NH,-ZIF

T T T T T
.0 43 4.0 35 3.0

25 2.0 8.5 8.0 75 70 6.5 6.0 5.5 5.0 45 40 35 3.0
Chemical Shift (opm)

(d) 50%NH,-ZIF

288

~
]
o
r-
n
b m
e ~
{ /
{
el T~
voss| hgEs S9-8m| ATQS
RN P sernR] G
~ - iF \j/ée,d
6.10 100230008 451
il T T T T

100304099
T T T

25

90 85 80 75 70 45 20 35

T T
&2 6.0 3.2 30
Chemical Shift (ppm)

(e) 70%NH,-ZIF

w
L]
uw
mmc%?qvmm
= e [ M
= P~

Ir
el
}}\

\

T
30

T T T
5.0 45 4.0 35 30

T
;_‘5 9.0 85 8.0 75 70 6.5 6.0 55 .
Chemial Shift (ppm})

—2.66

100073103
T T T T
90 8.5 840 7.5 70

6.5

T T T T T T
60 55 S50 45 40 35 30 25
Chemical Shift (ppm)

Figure S1. '"H NMR spectroscopy of 0-70%NH2-ZIFs (a, 0%NH2-ZIF; b, 10%NH2-ZIF; c,

30%NH:2-ZIF; d, 50%NH2-ZIF; e, 70%NH2-ZIF). The actual ratios of NH2-blm can be obtained in

Table S1.

0%NH2-ZIF: 'H NMR (250 MHz, Acetic Acid-dy) & 2.55 — 2.80 (s, 2H), 7.24— 7.47 (s, 1H). 10%NH»-ZIF: 'H NMR (250 MHz,
Acetic Acid-dy) 6 2.54 — 2.79 (s, 15H), 7.16 — 7.27 (dd, J = 3.2, 6.0 Hz, 1H), 7.27 — 7.38 (s, 7H), 7.38 — 7.45 (dd, J = 3.2, 6.0
Hz, 1H). 30%NH>-ZIF: 'H NMR (250 MHz, Acetic Acid-dy) § 2.57 — 2.79 (s, 6H), 7.18 — 7.31 (dd, J = 3.2, 6.0 Hz, 1H), 7.31
—7.39 (s, 3H), 7.39— 7.48 (dd, J = 3.2, 5.9 Hz, 1H). 50%NH:-ZIF: 'H NMR (250 MHz, Acetic Acid-dy) § 2.57 — 2.75 (s, 5H),
7.16—7.28 (dd, J = 3.2, 6.0 Hz, 1H), 7.28 — 7.37 (s, 2H), 7.37 — 7.47 (dd, J = 3.2, 6.0 Hz, 1H). 70%NH,-ZIF: 'H NMR (250
MHz, Acetic Acid-dy) 8 2.59 —2.73 (s, 1H), 7.17— 7.28 (dd, J = 3.2, 6.0 Hz, 1H), 7.28 — 7.37 (s, 1H), 7.37 — 7.48 (dd, J = 3.2,

5.9 Hz, 1H).
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Table S1. Calculation of the NHz-bIm ratio in ML-ZIFs by '"H NMR.

Samples 10%NH,-ZIF 30%NH,-ZIF 50%NH,-ZIF 70%NH;-ZIF
Synthetic mass of NH,-bIM/2-
0.2/1.8 0.6/1.4 1/1 1.4/0.6
mlm (g/g)
Synthetic ratio of NH-bIm
6.4% 20.9% 38.2% 60.0%
(mol%)
Actual ratio of NHz-bIm
8.2% 17.9% 22.3% 49.4%

(mol%)

Due to the competitive coordination between the two ligands, the actual ratio gradually deviates
from the synthetic ratio as the ratio of NH2-blm increases. In thermodynamics, the Zn metal center
has a higher affinity for 2-mIm than NHz-bIm ! Moreover, the NH>-bIm possesses the redundant

benzene ring and is excessively bloated for the formation of new Zn-Ng bonds.
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Figure S2. ATR-IR spectra of 0-70%NH2-ZIFs (a). ATR-IR spectra of 2-mIm, NH2-bIm and

50%NH2-ZIF (b). Intensity plot of vs(-NH2) intensity (c) and v(Zn-N) intensity (d) with the mixed-

ligand ratio.
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Figure S3. XRD patterns of 0-70%NH2-ZIFs (a). Evolution plots of the (011) intensity and FWHM

with the mixed-ligand ratio (b). XRD patterns of the NH2-ZIFs are essentially indistinguishable

from the simulated ZIF-8. As the ratio of NH2-bIm increases, the low-angle peaks, particularly the

unit lattice constants of (011) changed, show changes in the form of reduced crystallinity and

increased FWHM.
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Figure S4. SEM images of 0-70%NH2-ZIFs (a, 0%NH2-ZIF; b, 10%NH2-ZIF; c, 30%NH2-ZIF; d,
50%NH2-ZIF; e, 70%NH2-ZIF) and 10-70%NH2-ZIF-2h (f, 10%NH2-ZIF-2h; g, 30%NH2-ZIF-2h;
h, 50%NH2-ZIF-2h; i, 70%NH2-ZIF-2h). Noted that the particle sizes of LR-ZIFs were slightly
reduced due to oxidation reactions. An ImageJ program was used to select 30 particles from each

sample.
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Figure SS5. TGA curves of 0-70%NH2-ZIFs (a). Isothermally heated TGA curves of 10/30%NHa-

ZIF (b) and 50/70%NH2-ZIF (c) that hold continuously at 300°C for 20 hours. The sudden weight

loss is attributed to the prolonged isothermal TGA testing, a departure from the typical TGA setup

where the temperature and time are continuously increasing. All TGA tests were all carried out in

air atmosphere.
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Figure S6. Ex-situ ATR-IR spectra of 0-70%NH2-ZIFs (a, 0%NH2-ZIF; b, 10%NH2-ZIF; c,
30%NH2-ZIF; d, 50%NH2-ZIF; e, 70%NH2-ZIF) at different temperatures. All ML-ZIFs were
calcined in a muftle furnace, in air atmosphere, for a period of 2 hours and then cooled naturally to

room temperature.
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Figure S7. Ex-situ ATR-IR spectra of 30%NH2-ZIFs at different calcination times (a, 0.5 hours; b,
1 hour; ¢, 5 hours; d, 10 hours). 30%NH2-ZIFs were calcined in a muffle furnace in air atmosphere

at 290°C. The data for calcination for 2 hours is included in Figure Séc.
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Figure S8. Isothermal ex-situ ATR-IR spectra of 10-70%NH2-ZIFs (a, 10% NH2-ZIF; b, 30% NHa-
ZIF; ¢, 50%NH2-ZIF; d, 70%NH2-ZIF) at different calcination times. All NH2-ZIFs were calcined

in a muffle furnace in the air atmosphere. 10-50% at 290°C and 70% at 260°C.
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Figure S9. '"H NMR spectroscopy of LR-ZIFs at different calcination times (30%NH2-ZIF-0Oh;
30%NH2-ZIF-0.5h; 30%NH2-ZIF-2h; 30%NH2-ZIF-20h). Before heating, the NMR of 30%NH:-
ZIF-0h (ML-ZIF) exhibits typical spectrum features of both 2-mIm and NH2-bIM. After heating,
the characteristic quartets of NH2-bIm on both sides of 7.35 ppm was markedly reduce and their
chemical shifts were barely visible after 2 hours, confirming that the NH2-blm can be completely
removed by ligand thermolysis strategy. *By-products such as azirine or benzimidazole resulting
from the oxidation of the -NHa group or ligand NHz-bIm ©*-/, are supported by the cleavage of vs,
as(-NH2) in ATR-IR (Figures 2a and 2b). After 20 hours, the two ligands were removed and only

the *by-products remained, corresponding to the results of isothermal XRD and ATR-IR (Figures

S6-9, S13 and S14).

30%NH2-ZIF-Oh: 'H NMR (250 MHz, Acetic Acid-ds) § 2.57 —2.79 (s, 6H), 7.18 — 7.31 (dd, J = 3.2, 6.0 Hz, 1H), 7.31 — 7.39
(s, 3H), 7.39 - 7.48 (dd, J = 3.2, 5.9 Hz, 1H). 30%NH2-ZIF-0.5h: '"H NMR (250 MHz, Acetic Acid-ds) 6 2.59 — 2.76 (s, 3H),
7.17 —7.30 (m, OH), 7.31 — 7.40 (s, 2H), 7.40 — 7.53 (d, J = 13.5 Hz, 1H). 30%NH2-ZIF-2h: 'H NMR (250 MHz, Acetic Acid-
dy) §2.62—2.74 (s, 2H), 7.21 - 7.29 (s, OH), 7.32 - 7.40 (s, 1H), 7.40 — 7.52 (d, J = 13.6 Hz, 1H). 30%NH2-ZIF-20h:'H NMR
(250 MHz, Acetic Acid-ds) 6 7.24 —7.44 (d, J = 9.0 Hz, 1H).
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Figure S10. 2D contour plot of v(Zn-Np) intensity in 30%NH2-ZIFs vs. mixed NH2-blm ratio with

calcination temperature. Data are from the IR spectra in Figures S6 and S8.
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Figure S12. 2D/3D contour plot of v(-NH>) intensity (a) and v(Zn-Np) intensity (b) in ML-ZIFs vs.

mixed NHaz-blm ratio with calcination time. Data are from the IR spectra in Figure S8.
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Figure S13. Temperature-programmed in-situ XRD patterns of 0-70%NH2-ZIFs in air atmosphere
(a, 0%NH2-ZIF; b, 10%NH2-ZIF; c, 30%NH2-ZIF; d, 50%NH2-ZIF; e, 70%NH2-ZIF). The (011)
peak, which is the first peak and has the strongest intensity, is a suitable choice for revealing and

studying the transformation of the crystal structure during ligand thermolysis.
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Figure S14. [sothermal in-situ XRD patterns of 0-70%NH2-ZIFs (a, 0%NH2-ZIF; b, 10%NH2-ZIF;
¢, 30%NH2-ZIF; d, 50%NH2-ZIF; e, 70%NH2-ZIF;) at different calcination times in air atmosphere.

0-50% at 290°C and 70% at 260°C.
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Figure S15. 2D/3D contour plot of (011) intensity in ML-ZIFs vs. mixed NHz-blm ratio with

temperature (a) and calcination time (b). Data are from the XRD patterns in Figures S13 and S14.
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S2. Ligand mixing and removal process for ZIF-67

Mixed-ligand ZIF-67 and its ligand thermolysis process. ZIF-67 and ZIF-8 share the same
topology (SOD) in the family of ZIFs !, with cobalt serving as the metal center. Since, we
attempted to mix NHz-blminto ZIF-67 and successfully synthesized NH2-ZIF67 (ML-ZIF-67), as
confirmed by presence of v(Co-Np) and v(-NH3), as well as the XRD patterns (Figures S16a and
S16b). Due to ZIF-67 and ZIF-8 are isostructural with the similar lattice parameters and the same
organic ligands, the outcome is almost identical to that of the ML-ZIF-8. However, because
coordination differences between Zn-N and Co-N, their thermal stability differs, with the
unsaturated Co-N (outer shell is 3d74s?) being more susceptible to oxidation than Zn-N (outer shell
is 3d'%4s?) 781 A comparison of the TGA curves revealed that the ML-ZIF-67's thermolysis
temperature was about 50°C ahead than that of the ML-ZIF-8's (Figure 2). Overlapping TGA and
intensity plot of (011) peaks illustrate that the mixed-ligand ratio cannot influence the thermolysis
temperature of NH2-ZIF67 (Figures S16c and S16d). It further demonstrates that NH2-bImand 2-
IM in NH2-ZIF67 have similar thermolysis temperatures and cannot selectively retain/remove one
ligand by temperature.

More detail as observed in the ex-situ ATR-IR spectra (Figure S17), crystal structure of NHz-
ZIF67 is rapidly converted to cobalt oxide at 10°C (220-230°C). Prior to oxidation, no significant
NHz-blmremoval process was observed, and both v(Co-Np) and v(-NH2) were maintained. After
switching to inert gas (Ar) calcination, NH2-ZIF67 was similarly carbonized rapidly between 440-
500°C, resulting in the destruction of the ZIF-67 framework. Once again, ligand thermolysis did
not occur prior to 450°C in inert gas flow. In conclusion, the temperatures of the two ligands in
NH2-ZIF67 were too near to each other, regardless of the gas atmosphere, to allow the SeLiRe by
thermolysis. This removal strategy, in contrast, can be simply applied to the ML-ZIF-8 which has
a suitable temperature window of the two ligands.

Currently, we are focusing on finding ligands that can effectively facilitate the mixing and

removal of ligands in a specific type of zeolitic imidazolate framework.
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Figure S16. ATR-IR spectra (a) and XRD patterns (b) of 0-50%NH2-ZIF67. TGA curves of 0-

50%NH2-ZIF67 (c). Intensity evolution plot of (011) peaks in the in-situ XRD with temperature

for 0-50%NH2-ZIF67 (d), data are from the in-situ XRD patterns (Figure S18).
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Figure S17. Ex-situ ATR-IR spectra of 30%NH2-ZIF67 (a, in air; c, in Ar) and 50%NH2-ZIF67 (b,
in air; d, in Ar) at different temperatures. Calcination time of the all NH2-ZIF67 were two hours,

and then cooled naturally to room temperature.
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Temperature-programmed in-situ XRD patterns of 0-50%NH2-ZIF67 in air

atmosphere (a, 0%NH2-ZIF67; b, 10%NH2-ZIF67; ¢, 20%NH2-ZIF67; d, 30%NH2-ZIF67; e,

40%NH2-ZIF67; t, 50%NH2-ZIF67).
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Figure S19. NLDFT porosity distribution diagram of ZIF-8, mixed-ligand ZIF-8, single-ligand

ZIF-8 (SL-ZIF) and ligand-removal ZIF-8 (a). Heated ZIF-8 means heating of pure ZIF-8 at 290°C

for 2 hours (0%NH2-ZIF-2h). N2 sorption isotherm (b) and NLDFT porosity distribution (c) of

heated ZIF-8. Despite the impact of heating on the pore distribution of SL-ZIF, it still remains

concentrated within the microporous range, indicating the advantage of ML-ZIFs in constructing

tuned porous structures through thermolysis.
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Figure S20. N2 physisorption isotherms at 77 K of 30%NH2-ZIF-time at 0-10 hours calcination

times (a) and R%NH2-ZIF-2h including ZIF-8 (b).
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Table S2. Specific surface area and porosity parameters of ML-ZIFs and LR-ZIFs.

Specific Total Micropore Mesopore
Samples? surface area® Pore Volume Volume® Volume!
(m’g™ (em’g™) (ecm’g™) (em’g™)
0%NH,-ZIF-0h (ZIF-8) 1315.0 0.518 0.518 -
10%NH»-ZIF-2h 999.6 0.392 0.376 0.016
30%NH»-ZIF-0h 1192.9 0.499 0.499 -
30%NH»-ZIF-0.5h 733.3 0.287 0.246 0.041
30%NH»-ZIF-1h 760.9 0.292 0.243 0.049
30%NH»-ZIF-2h 665.0 0.309 0.240 0.067
30%NH»-ZIF-5h 199.7 0.075 0.044 0.031
30%NH>-ZIF-10h 43.5 0.005 - 0.005
50%NH,-ZIF-2h 296.8 0.131 0.045 0.086
70%NH»-ZIF-2h 60.1 0.038 - 0.038
30%NH,-ZIF-Ar-2h 1180.3 0.540 0.342 0.198
70%NH,-ZIF-Ar-2h 79.5 0.072 - 0.072

?In the air atmosphere range, 2-50% heated at 290°C and 70% heated at 260°C. In the Ar flow, 30%NH>-
ZIF heated to 500°C, 70%NH,-ZIF heated to 400°C.

® Brunauer-Emmett-Teller specific surface area.

¢ Cumulative adsorption volume of micropores from 0 to 2 nm in diameter.

4 Cumulative adsorption volume of mesopores from 2 to 50 nm in diameter according to International Union
of Pure and Applied Chemistry (IUPAC) P).
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Figure S21. TEM images of pure ZIF-8 (a), 10%NH2-ZIF-2h (b), 50%NH2-ZIF-2h (c) and

70%NH2-ZIF-2h (d). The inside shows the distribution of mesopore size.
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Figure S22. Zn 2p (a) and N 1s (b) spectrum of XPS for 30%NH2-ZIF, 30%NH2-ZIF-2h, 70%NH2-
ZIF and 70%NH2-ZIF-2h. N1 s fitting has two peaks; the first one is assigned to N atom of

imidazole linkers at 398.01 eV and the second belongs to nitrogen atom at Zn-N bond at 398.61 eV

[10]
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Figure S23. Optical photographs of ML-ZIFs (a, 30%NH2-ZIF; b, 70%NH>-ZIF) and LR-ZIFs (d,
30%NH2-ZIF-2h; e, 70%NH2-ZIF-2h). Powder DRS for 0%NH2-ZIF (ZIF-8), 50%NH2-ZIF-0h
and 50%NH2-ZIF-2h (g), and various ratios of ligands 10-70% removal of R%NH2-ZIF-2h (h). As
the ratio of NH2-bIm increases, the color of NH2-ZIF-2h gradually deepens (from light brown to
dark brown) after ligand thermolysis. This color change can be attributed to the oxidation of the
amino group in NH2-bIM; the sample's color often changes to brown when nitrogen-containing

compounds are oxidized '),
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S4. Ligand removal in inert gases

Structural characterization of LR-ZIFs. To investigate the effect of inert gas on ligand
thermolysis, 30% and 70%NH2-ZIF were calcined in a tube furnace with an Ar flow. As the
temperature rise, the vs, as(-NH2) and v(Zn-Np) of NH2-ZIF both dropped to 0% in the ex-situ AIR-
IR spectra (Figures S24a and S24b). These bands exhibit reduction between 450-500°C in
30%NH2-ZIF and 300-450°C in 70%NH-ZIF.

In 'H NMR, the thermolabile ligand was almost completely removed from 30%NH-ZIF-2h
(Ar), while the ligand was only partially removed from 70%NH2-ZIF-2h (Ar) due to the lower
thermolysis temperature (Figure S25). Like the thermolysis in air, the characteristic quartets of
NHz-blm on both sides of 7.35 ppm was markedly reduced. Among them, the NH2-bIm of
30%NH2-ZIF-2h (Ar) was more sufficiently removed due to the higher temperature of 500°C, with
almost no quadruple peaks remaining. However, due to the excessive mixing of thermolabile
ligands in 70%NH2-ZIF-2h (Ar), it could only maintain its crystallinity at 400°C, resulting in
incomplete ligand removal. The *by-products, in contrast to thermolysis in air, from oxidation were
not observed.

As well, ligand thermolysis can also be achieved using N2 flow, with no difference compared
to Ar flow. Whether in N2 or Ar, in-situ XRD illustrates that the crystallinity of ML-ZIF decreased
with temperature, while 0%, 30% and 70%NH2-ZIF collapsed after 450°C, 520°C and 550°C
respectively (Figures S24c¢ and S24d). Similarly, calcination times of >2 hours have the devastating
effect on the crystallinity of 30% and 70%NH2-ZIF (Figure S28). If the temperature continues to
be raised to 700-900°C, the zinc will evaporate and eventually form the carbon material like
nitrogen-doped carbon (NC) or graphitic carbon (GC) "> 3], which is detrimental for our research.
Additionally, the color of LR-ZIF (Ar) tends to be darker due to the additional carbon attached, and
the light absorption extends from the UV to the visible region (Figure S29).

Hierarchical Pores in LR-ZIFs (Ar). NLDFT porosity distribution and TEM images illustrate the
feasibility of constructing sponge-like hierarchical porous ZIFs by SeLiRe process (Figures S30
and S31). Compared to air, 30%NH2-ZIF-Ar-2h (500°C) exhibits bimodal distribution of

mesopores, ranging in size from 2 to 7 nm (close to the 50% in air). In contrast, 70%NH2-ZIF-Ar-
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2h (400°C) obtained by the lower temperature, is almost identical to the calcined sample in air,
strongly supporting our hypothesis regarding the SeLiRe mechanism. Note that single-ligand ZIFs
also can gradually dislodge the intrinsic metal clusters and thus form the irregular mesopores during
high-temperature calcination with inert gases '* 1°]. However, they typically fail to maintain the
intrinsic micropores and crystal structure of ZIFs, eventually converting to NC or GC %, Moreover,
compared with ML-ZIFs, single-ligand ZIFs heating is difficult to regulate the porous channel and
spatial arrangement of mesopores through the synthetic condition. Our focus in this work is on the
construction of controlled hierarchically porous ZIFs that maintain the intrinsic framework
structure, thus making single-ligand ZIFs as a precursor less desirable for our purposes.

Influence of inert gas calcination. Compared to air calcination, the use of inert gas allowed for
SeLiRe at higher temperatures, up to 400-500°C, while avoiding the by-products and influence of
oxidation reaction on the ML-ZIFs. The surface of the ML-ZIF was the first to be affected by high
temperature, tending to carbonize at temperatures over S00°C. The appearance of two bands, D
band (1342 cm ™) and G band (1577 cm™) corresponded to the disordered carbon atoms and the
sp>-hybridised graphite carbon atoms, respectively (Figure S32d) ['”!. These bands indicate the
formation of the graphite/carbon structure resulting from the calcination in inert gas. However, the
XRD, ATR-IR, XPS and TGA did not change much, indicating the maintain of the framework
structure within ZIF-8 (Figures S32a-c). Therefore, the removal of NH2-bIm does not depend on

the oxidation reaction, and the SeLiRe process can be achieved in inert gas as well.
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Figure S24. Intensity plot of vs, as(-NH2) and v(Zn-Np) in the ex-situ AIR-IR spectra with
temperature for 30% (a) and 70%NH2-ZIF (b) in Ar atmosphere. Data are from the IR spectra in
Figure S26 at 3250-3550 cm™! for v(-NHz), 400-550 cm™' for v(Zn-Np). Evolution intensity plot of
(011) peaks in the in-situ XRD for 0%, 30%, 70%NH2-ZIF in Ar (c) and N2 (d) flow. Data are from

the XRD patterns of (011) peaks in Figure S27.
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Figure S25. 'H NMR spectroscopy of 30%NH2-ZIF-Ar-2h and 70%NH2-ZIF-Ar-2h in Ar

atmosphere.

30%NH2-ZIF-Ar-2h: 'H NMR (250 MHz, Acetic Acid-ds) 6 2.60 — 2.80 (s, 14H), 7.24 — 7.31 (s, 1H), 7.33 — 7.41 (s, 8H).
70%NH2-ZIF-Ar-2h: 'H NMR (250 MHz, Acetic Acid-ds) § 2.58 — 2.79 (s, 2H), 7.17 — 7.31 (dd, J = 3.3, 5.9 Hz, 2H), 7.31 —
7.40 (s, IH), 7.40 - 7.51 (dd, J = 3.3, 5.9 Hz, 1H).
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Figure S26. Ex-situ ATR-IR spectra of 30%NH2-ZIF (a) and 70%NH2-ZIF (b) at different

temperatures. All ML-ZIFs were calcined in a tube furnace, in Ar atmosphere, for a period of 2

hours and then cooled naturally to room temperature.
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Figure S27. Temperature-programmed in-situ XRD patterns of 0%, 30% and 70%NH2-ZIFs in Ar
flow (a, 0%NH2-ZIF; b, 30%NH2-ZIF; c, 70%NH2-ZIF) and in N2 flow (d, 0%NH2-ZIF; e,
30%NH»-ZIF; f, 70%NH2-ZIF).
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Figure S29. Optical photographs of ML-ZIFs (a, 30%NH2-ZIF; b, 70%NH2-ZIF) and LR-ZIFs (c,
30%NH2-ZIF-Ar-2h; d, 70%NH2-ZIF-Ar-2h). Powder DRS for 30%NH2-ZIF and 30%NH2-ZIF-
Ar-2h (e).
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Figure S31. TEM images for single crystals of 30%NH2-ZIF-Ar-2h (a, b) and 70%NH2-ZIF-Ar-2h

(c, d) after heating treatment in Ar flow.
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Figure S32. Ex-situ ATR-IR spectra of 30%NH2-ZIF-2h and 70%NH2-ZIF-2h were heated in Ar
and N2 atmosphere, respectively (a). XRD patterns of 30%NH2-ZIF-2h and 70%NH2-ZIF-2h in Ar
and N2 atmosphere (b). Zn 2p spectrum (c) of XPS for ZIF-8, 30%NH2-ZIF-Ar-2h and 70%NH:-
ZIF-Ar-2h. TGA curves of 0%NH2-ZIF (ZIF-8), 30%NH2-ZIF and 70%NH2-ZIF were heated in
N2 flow (d). Raman spectra of 30%NH2-ZIF-500°C and 30%NH2-ZIF-550°C (e), were heated 2

hours in Ar flow.
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S5. DFT simulation models

One Ligand-Cluster Removed Two Ligand-Cluster Removed Four Ligand-Cluster Removed

(b) .o

-568.0 eV

Side

Figure S33. Schematic diagrams (top and side view) of the LR-ZIFs framework with one (a), two
(b) and four (c) Zn-Nj4 clusters and surrounding ligands removed. Original ZIF-8 and ligand-cluster

structures are in Figure S34. Dark blue for Zn, light blue for N, gray for C and white for H.
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(a)

Original structure
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Figure S34. Schematic diagrams of the ZIF-8 original framework (a) and one Zn-(IM)4 ligand-

cluster structure (b). Dark blue for Zn, light blue for N, gray for C and white for H.
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Table S3. Structural energy of ligand-cluster, ZIF-8 and LR-ZIFs obtained from the DFT
calculation.

Number of ligand- Atomic number: H, E,*? E¢?
clusters removal C,N,Zn (eV) (eV)
Original (zero)* 120,96,48,12 -1740.1688 -
Remove one 100,80,40,11 -1445.4944 11.7447
Remove two 80,64,32,10 -1153.6422 8.9225
Remove four 40,32,16,8 -567.9773 19.8055
One ligand-cluster 20,16,8,1 -282.9297 -

#The initial energy of each system obtained after the DFT calculation.

® Formation energy calculated by:
Structural energy with ligand-cluster removed + ligand-cluster energy — structural energy without
ligand-cluster removed.
For example, the formation energy of structure with two ligand-clusters removed is: structural energy with
two ligand-cluster removed + ligand-cluster energy — structural energy with one ligand-cluster
removed.

¢ Original ZIF-8 in the Figure S34a.

42
84



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

WILEY-VCH

S6. Enhancing Dyes Adsorption

Evaluation of the adsorption experiment. From kinetic and isotherm curves of MB adsorption
(Figures S35 and S36), it was clearly evident that pure ZIF-8 had essentially little capacity for MB
adsorption, and with increase after mixing with the ligand NH2-bIM. Thankfully, once the ligand
was removed, the adsorption capacity of LR-ZIF-8 was considerably enhanced. After fitting all
isotherms curves, it was shown that the R? values for ML-ZIFs were higher in the Langmuir model
than the Freundlich model, indicating their favoring for monolayer adsorption (Table S5) ['¥!. In
the kinetic fit, the R* values for the PSO model were higher than those for the PFO model, as
explained in detail in the main manuscript (Table S4).

If the calcination time is 2h, the ranking of the adsorption capacity Qm is calculated to be
10%NH2-ZIF-2h > 30%NH2-ZIF-2h > 50%NH2-ZIF-2h > 5%NH2-ZIF-2h > 2%NH2-ZIF-2h >
70%NH2-ZIF-2h. Among them, 10%NH2-ZIF-2h showed the highest capacity (Qm is 20.835 mg/g)
for MB adsorption, 39 times that of pure ZIF-8 (0.531 mg/g) and 5.5 times that of the 10%ML-ZIF
(3.874 mg/g), a significant improvement in adsorption capacity. When the mixed-ligand ratio is
10%, the ranking of the different calcination time was 10%NH2-ZIF-2h > 10%NH2ZIF-0.5h >
10%NH2-ZIF-5h > 10%NH2-ZIF-20h > 10%NH2-ZIF-Oh. The calcination time beyond 5 hours
causes irreversible effects on the NH2-ZIF's framework, leading to the loss of active sites as a result
of hierarchical pores damage/over-oxidation, ultimately led to a dramatic decrease in the 10%NH2-
ZIF-20h (3.931 mg/g). For the same reason, the adsorption capacity of 10%NH2-ZIF-2h (Ar) was
not sufficiently enhanced when heated at higher temperature (in 500°C, Figure S37c).
Adsorption of other organic dyes. To further evaluate the water purification of LR-ZIF-8, we
conducted experiments with other organic dyes (Figures S37a and S37b). In the adsorption test for
methyl orange, the Q. of 10%NH2-ZIF-2h was 19.053 mg/g, again a great increase in adsorption
capacity compared to the 4.226 mg/g of 10%NH2-ZIF-0h, approximately 5 times. Similarly, for
Rhodamine B, the Q. of 10%NH2-ZIF-2h (23.955 mg/g) was significantly higher than that of

10%NH,-ZIF-0h (14.584 mg/g).
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Figure S35. Kinetic curves of Methylene blue for 0%NH2-ZIF (ZIF-8), 10%NH2-ZIF and
10%NH2-ZIF-2h (a), and various ratios of ligands 2-70% removal of R%NH2-ZIF-2h (b). Kinetic

curves are fixed by Pseudo-first-order and Pseudo-second-order models (Equations S1-S4).
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Figure S36. Isotherm curves of MB for 10%NH2-ZIF-0.5h, 10%NH2-ZIF-2h and 10%NH2-ZIF-
5h (a). 0%NH2-ZIF (ZIF-8), 10%NH2-ZIF-0h and 10%NH2-ZIF-20h are shown in (a) inset. Various
ratios of ligands 2-70% removal of R%NH2-ZIF-2h (b). Isotherm curves are fixed by Langmuir

and Freundlich models (Equations S5 and S6).
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Figure S37. Kinetic curves of methyl orange (a) and rhodamine B (b) for 10%NH2-ZIF and

10%NH2-ZIF-2h, the latter being heated 290°C, 2 hours in air atmosphere. Kinetic curves of

methylene blue (c) for 10%NH2-ZIF and 10%NH2-ZIF-2h (Ar), the latter being heated 500°C, 2

hours in an inert gas of Ar. Kinetic curves are fixed by Pseudo-first-order and Pseudo-second-order

models (Equations S1-S4).
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Figure S38. ATR-IR spectra of 10%NH2-ZIF-2h before and after saturation of methylene blue (a)
and methyl orange (b) adsorption. XRD patterns of 10%NH2-ZIF-2h before and after saturation of
methylene blue adsorption (c). Adsorption-desorption cycles with 10%NH2-ZIF-2h (d), the
adsorption of methylene blue reached saturation in each cycle. The slight decrease in adsorption

rate after recovery is due to acid washing [+,
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Table S4. Kinetics parameters of ZIF-8, ML-ZIF-8 and LR-ZIF-8.

WILEY-VCH

Pseudo-first-order model

Pseudo-second-order model

Adsorbents? Qe‘exp_l Qe.cal Ky 5 Qe.cal Ko/ g 5
/mg g B B R _ o R
/mg g”! /h7! /mg g”! mg ' h!

0%NH,-ZIF (ZIF-8) 0.524 0.495 3.694 0.9867 0.551 8.678 0.9919
2%NH,-ZIF-2h 10.146 9.238 7.473 0.9614 9.922 1.116 0.9942
5%NH,-ZIF-2h 11.765 10.731 9.402 0.9643 11.413 1.293 0.9932
10%NH,-ZIF-0h 3.856 3.716 6.717 0.9901 3.983 2.549 0.9985
10%NH;-ZIF-2h 19.547 18.665 5.788 0.9831 20.166 0.418 0.9996
30%NH,-ZIF-2h 15.263 14.046 6.132 0.9639 15.183 0.585 0.9958
50%NH;-ZIF-2h 13.146 12.111 8.269 0.9551 12.962 0.964 0.9928
70%NH,-ZIF-2h? 7.062 6.609 8.345 0.9837 7.048 1.819 0.9929
10%NH,-ZIF-2h (Ar) 8.141 7.582 7.727 0.9729 8.124 1.424 0.9965
10%NH,-ZIF-0h (MOP) 4.226 3.795 8.536 0.9525 4.055 3.217 0.9897
10%NH,-ZIF-2h (MOP) 19.053 17.925 5.724 0.9819 13.385 0.428 0.9989
10%NH,-ZIF-0h (RhB¢) 14.584 13.495 5.443 0.9541 14.635 0.538 0.9926
10%NH,-ZIF-2h (RhB®) 23.955 22.402 4,738 0.9601 24.483 0.271 0.9958

#In the air atmosphere range, 2-50% heated at 290°C and 70% heated at 260°C. In the Ar flow, 10%NH>-

ZIF heated to 500°C.

b Adsorption Kinetics of Methyl Orange in 20 mg L.

¢ Adsorption Kinetics of Rhodamine B in 10 mg L.
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Langmuir model

Freundlich model

Adsorbents? Qu.cal Kp Kr/(mggh
/mg g”! /L mg™! R . (mgL™hH™ RS

0%NH,-ZIF (ZIF-8) 0.531 0.965 0.9801 3.043 0.243 0.9158
2%NH,-Z1F-2h 9.943 1.151 0.9872 2.717 4.753 0.9596
5%NH,-ZIF-2h 11.905 1.274 0.9898 2.697 5.903 0.9613
10%NH,-ZIF-0h 3.874 1.451 0.9961 3.546 2.093 0.9066
10%NH,-ZIF-0.5h 20.673 2.398 0.9986 2.691 12.589 0.9264
10%NH,-ZIF-2h 20.835 3.159 0.9969 2.828 13.582 0.9411
10%NH,-ZIF-5h 18.315 1.573 0.9966 2.508 9.843 0.9448
10%NH,-ZIF-20h 3.931 2.435 0.9993 4.291 2.454 0.8981
30%NH,-ZIF-2h 17.001 1.691 0.9958 2.634 9.358 0.9466
50%NH,-ZIF-2h 13.584 1.647 0.9763 2.834 7.391 0.9481
70%NH,-ZIF-2h? 7.043 1.228 0.9781 2.967 3.467 0.9074

#In the air atmosphere range, 2-50% heated at 290°C and 70% heated at 260°C. In the Ar flow, 10%NH>-

ZIF heated to 500°C.
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S7. Materials Synthesis and Experimental Section

Z1F-8 was synthesized directly by mixing the ligands 2-mIm and zinc nitrate (Zn(NO3)2:6H20) at
room temperature in methanolic solution, as previously reported !, 2 g of 2-methylimidazole was
dissolved in 30 ml of HPLC methanol, while 0.87 g of zinc nitrate was dissolved in 20 ml of HPLC
methanol. The two solutions were then mixed, sonicated for 10 minutes and continuously stirred
for 2 hours to accelerate the growth of ZIF-8 crystals. After being allowed to deposit for 24 hours,
the ZIF-8 powder was centrifuged, washed three times with methanol and DI water, and then dried
in an oven overnight, resulting in a white ZIF-8 powder.

Mixed-ligand ZIF-8 (ML-ZIF-8 or R%NH>-ZIF) was synthesized via a solvent-assisted ligand
exchange (SALE) method. NH2-blm (0.04 g, 0.1 g,0.2 g2,0.6 g, 1 gand 1.4 g) and 2-mIm (1.96 g,
19g,18¢g,1.4¢g 1gand0.6 g) were mixed into 30 ml HPLC methanol at various weight ratios
(2%, 5%, 10%, 30%, 50% and 70%). The solution was sonicated for 10 minutes and stirred for 30
minutes to ensure even mixing and dissolution of the ligands. The following synthesis steps were
the same as for the pure ZIF-8 synthesis, mixing the methanolic solution of the two ligands with
zinc nitrate solution (0.87g Zn(NO3)2:6H20; 20 ml HPLC methanol) and stirring for 2 hours. After
24 hours of deposition to allow the crystals formation, the resulting powder was centrifuged and
washed three times with methanol and DI water to remove excess ligands. Finally, the obtained
NH2-ZIF powder (R%NH2-ZIF, where R% indicates the mixing ratio of various NH2-bIM) was
dried overnight, resulting in a white powder.

Ligand-removed ZIF-8 (LR-ZIF-8 or R%NH2-ZIF-time/temp), refers to the ZIF-8 samples
obtained by thermolysis of ML-ZIF-8 at specific temperatures for specific time periods. The
heating process was conducted using either a muffle furnace (LT 5/12 Nabertherm, Germany) in
air atmosphere, ramp rate of 10°C/min. Or a tube furnace (HTM Reetz LK-1100, Germany) with
argon/nitrogen flow at a ramp rate of 10°C/min. The final temperature was allowed to cool naturally
to room temperature. For air atmosphere, the calcination temperature is 290°C for 0-50%NH2-ZIFs
and 260°C for 70%. For argon/nitrogen flow, the calcination temperature was 500°C for 30%NH:-
ZIF and 400°C for 70%NH2-ZIF. The samples were labeled as R%NH2-ZIF-time/temp (or R%-

time/temp), where R% indicates the mixing ratio of various NH2-bIM, time is the calcination time,
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and femp indicates the special calcination temperature.

Mixed-ligand ZIF-67. NH>-bIM (0 g,0.2 g,0.4¢2,0.6g,08 gand 1 g)and2-IM (2 g, 1.8 g, 1.6
g, 1.4 g 1.2 gand 1 g) were mixed into 30 ml HPLC methanol at various weight ratios (0%, 10%,
20%, 30%, 40% and 50%). Using solvent-assisted ligand exchange (SALE), the synthesis was
similar to that of ML-ZIF-8, except for the 0.87 g zinc nitrate (Zn(NO3)2-6H20) was replaced by
0.87 g cobalt nitrate (Co(NO3)2-:6H20). Finally, Purple NH2-ZIF67 powder (R%NH2-ZIF67, R%
indicates the mixing ratio of various 2-aminobenzimidazole) was obtained.

X-ray Diffraction (XRD). Used PANalytical X'Pert Pro multi-purpose diffractometer (MPD) with
Bragg Brentano geometry with Cu anode at 45 kV, 40 mA, equipped with a BBHD Mirror and an
X-Celerator multichannel detector. The diffraction patterns were tested at a 20 angle of 5° and 90°.
All measurements were performed with Cu sealed tube Ko and KB radiation (2:1 ratio) with a
wavelength of A=1.54060 A at a scan rate of 0.5° min'. Sample holder is a single crystal silicon
on which the sample is immobilized by use of a drop of heptane, and rotated every 4 seconds during
the test.

In-situ X-ray Diffraction (In-situ XRD). Same MPD system is used with the addition of the Anton
Paar HTK 1200 temperature control system, with heating rate of 5°C/min. The sample was heated
with a flow rate of 0.5 mL/min of air, argon and nitrogen.

Attenuated total reflection-Infrared spectroscopy (ATR-IR). Spectra obtained with Perkinelmer
Spectrum two FT-IR spectrometer were in the infrared range of 400-4000 cm, with the LiTaOs
(lithium tantalate) MIR detector. Control each data Force Gauge at around 120 with accumulation
number of scans is 8 times.

X-ray photoelectron spectroscopy (XPS). Determination of the chemical states of the ALD-
synthesized MOF-like material was accomplished by a custom designed XPS, provided by SPECS,
using monochromatic AL-Ka (1486,6 eV) radiation and a hemispheric SCIENTA RS4000
photoelectron energy analyzer.

N, Physisorption. Measurements were conducted at temperature of 77 K, on a 3Flex instrument
by Micromeritics. Before measuring, the samples were vacuum outgassed at 150°C for 3-12 hours.
The apparent surface area was calculated by applying the Brunauer-Emmet-Teller (BET) equation,
following the recommended procedure for microporous sorbents ??). The relevant pore size

distributions were determined from the adsorption branch of the isotherms using the kernel of
50
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nonlocal density functional theory (NLDFT).

Scanning electron microscope (SEM). Images were recorded on a FEI Quanta 250
(Schottky-)FEG-SEM, facilitated by USTEM (university service center for transmission electron
microscopy) at TU Wien, equipped with an ETD Secondary electron detector and an EDAX-
AMETEK Octane Elite 55 detector for elemental characterization by energy-dispersive X-ray-
spectroscopy. The device was operated at a voltage of 10 kV at a working distance of about 5 mm,
providing a maximum resolution of roughly 2 nm. Chemical X-ray microanalysis was performed
at 20 kV and 10 mm working distance.

Transmission electron microscope (TEM). All HR-TEM measurements displayed in this paper
were performed on a Tecnai F20 FEG-TEM, facilitated by USTEM (university service center for
transmission electron microscopy) at TU Wien, equipped with a X-FEG, a Gatan Riol6 CCD-
camera, Gatan DigiSTEM II with HAADF detector for STEM imaging, an EDAX-AMETEK
Apollo XLTW SDD EDX-detector. The operating voltage was kept at 200 kV for all measurements,
providing a maximum lattice resolution of approximately 0.14 nm.

Raman spectroscopy. Measurements were carried out using the WITec alpha 300 RSA", focusing
on the range 1000-2800 cm™!. Excitation laser wavelength is 532nm, the laser power is 0.1 mA
(very low), the integration time is 1 second and the accumulation number is 10.

UV-Vis absorption spectroscopy and diffuse reflectance spectroscopy (UV-Vis and DRS).
Supernatant concentrations of methylene blue after adsorption were obtained at 660-670nm by
Jasco V-670. Measurements were carried out using the Jasco V-670 in diffuse reflectance mode
with an Ulbricht-sphere. After centrifugation of the methylene blue solution, 1 mIX3 of supernatant
was added to a cuvette in the UV-Vis incident light range of 200-800 nm for absorbance
measurements and the results were averaged over 3 times for all tests. The concentration of the
current MB solution was derived from the peak intensity at 667 nm, MO is 464 nm and RhB is 554
nm. In the powders DRS testing, MgSO4 was used as a baseline, in the range of 200-800 nm. Scan
speed is 200 nm/min, data interval is 1 nm for all measurements. All tests were conducted in
triplicate, and only the average values are reported here.

Nuclear magnetic resonance spectroscopy (‘H NMR). Liquid phase 'H spectra were measured
using the Bruker ADVANCE 250 (250.13 MHz) instrument, which is equipped with a 5 mm

inverse-broad probe head and z-gradient unit. To serve as an internal reference, Acetic Acid with a
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0 =1.96 ppm was used. Due to the limited solubility of MOFs in typical NMR solvents, the sample
weighing 2 mg was digested with 0.5 ml of ds-acetic acid and then sonicated until it was well
dispersed in the acid.

Thermogravimetric analysis (TGA). Measurements were carried out using PerkinElmer 8000
(Waltham, USA) with the sample heated in of Al2Os crucible. The heating rate was 10°C/min, either
in air, argon and nitrogen flow, and finally held at 600°C for 1 hour.

Density-functional theory (DFT). All of the calculations were performed by using Vienna ab
initio program package (VASP) 2. The exchange and correlation effects of the electrons were
described by using the Perdew-Burke-Ernzerhof (PBE) [**! functional of a generalized gradient

[ The projector augmented wave (PAW) method was used to

approximation (GGA) method
describe the electron-ion interaction. Spin polarization considered. The cutoff energy of the plane-
wave was set as 400 eV. The (2x2x2) k-point mesh was used for k-space integration in our structure
relaxations. Conjugate-gradient algorithm is used to relax the ions into their instantaneous ground
state. The structure involved were fully relaxed with the energy and force convergences less than
1x107 eV and 0.03 eV A”!, respectively.

Adsorption Kkinetics. Prior to the adsorption experiments, all ZIF adsorbents were dried at 60°C
overnight. For the adsorption experiments, 20 mg of adsorbent was added into 50 ml of 10 mg L™
methylene blue solution (20 mg L' for Methyl orange and 10 mg L' for Rhodamine B) with
deionized (DI) water, and stirred for a suitable period. At regular intervals (ranging from 5 minutes
to 4 hours), 1 ml of methylene blue solution was taken out for centrifugation, and the absorbance

of the supernatant was measured in the 400-800 nm range. The adsorption capacity of the adsorbent

can be calculated by Equation S1-S2:

(G -CcyxvV (S1)
="y —

_ (Cl - Ce) XV
Qe=—"—"r (S2)

where Q: (mg g') is the adsorption capacity for time t. Ci and C are the initial and time t
concentrations (mg L") of MB solution, can be obtained by UV-vis testing the absorbance of the
solution. Qe and C. is the adsorption capacity and concentrations for MB equilibrium. V, M
represent the volume of the MB solution (L) and the weight of the ZIFs (g) respectively.

The resulting adsorption capacity curves for various time periods can be fitted by Pseudo-first-
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order (PFO) and Pseudo-second-order (PSO) kinetic models 1*%), as described by the following

Equation S3-S4:

Q: = Q.(1 —e™Xt) (S3)
_ KQ%t
Q: = T K,0.t (S4)

Ki (min™") and K> (g mg ' min™") are the rate constant for the Pseudo-first-order and Pseudo-
second-order model, respectively.

Adsorption isotherms. Prior to the adsorption experiments, all ZIF adsorbents were dried at 60°C
overnight. 20 mg of adsorbent was added to the MB solution at various concentrations (1-10 mg
L. After 2 hours of continuous stirring, the adsorbent was considered to be full saturated (as
known by adsorption kinetics). Similarly, Ce and Q. were calculated from the absorbance data
obtained by UV-vis, and the adsorption isotherms were plotted. Langmuir and Freundlich isotherm
models *”) were used to fit with the adsorption data at various MB concentrations. Langmuir model
represents monolayer molecular adsorption on homogeneous surface and Freundlich model is used

for multilayer adsorption on heterogeneous surfaces '), as described by the following Equation

S4-S5:
_ QmaxKLCe
Qe = 1+K,C, (85)
Qe = KpC,'™ (S6)

where Qmax (mg g ') is the maximum adsorption capacity, K (L mg ') and Kr (mg g ') (mg L") ™
are the Langmuir and Freundlich isotherm constants, respectively, related to the adsorption capacity
and adsorbate-adsorbent interactions. n is the adsorption intensity, related to the energy distribution
and heterogeneity of the adsorption sites 2,

Adsorption-desorption cycles. After the adsorption experiment, the MB solution was centrifuged
to obtain the saturated adsorbed ZIF adsorbent. The adsorbent was then sonicated in HPLC
methanol solution for 2 hours, followed by centrifugation and rinsing with 0.1 mol L™! H2SO4 and

DI water. This desorption process was repeated three times to obtain adsorbent that could be reused
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for subsequent adsorption experiments.
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Engineering of HO—Zn—N, Active Sites in Zeolitic Imidazolate
Frameworks for Enhanced (Photo)Electrocatalytic Hydrogen

Evolution

Zheao Huang, Zhouzhou Wang, Qiancheng Zhou, Hannah Rabl, Shaghayegh Naghdi,

Ze Yang,* and Dominik Eder*

Abstract: Currently, lack of ways to engineer specific
and well-defined active sites in zeolitic imidazolate
frameworks (ZIFs) limits our fundamental knowledge
with respect to the mechanistic details for
(photo)electrocatalytic hydrogen evolution reaction
(HER). Here, we introduce the open metal sites into
ZIFs through the selective ligand removal (SeLiRe)
strategy, comprehensively characterize the altered struc-
tural and electronic features, and evaluate their role in
HER. In situ electrochemical analysis and X-ray absorp-
tion spectroscopy reveal the formation of high-valence
HO-Zn—N, sites through the binding of Zn—N, with
electrolyte hydroxide. The optimal OMS-ZIF exhibits a
low overpotential of 0.41 V to achieve an ampere-level
1.0 Acm™* with 120-hour stability. Theoretical simula-
tions indicate that these active sites accelerate the water
molecules activation kinetics, consequently enhancing
the efficiency of the Volmer step. This work demon-
strates a versatile strategy to introduce highly active
catalytic sites in ZIFs, providing new insights into the
electrocatalytic mechanism in alkaline media. )

Introduction

Efficient electrochemical water splitting for high-purity
hydrogen evolution reaction (HER) is crucial for the
utilization and storage of sustainable energy.l" Currently,
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alkaline media are commonly used as HER electrolytes, due
to their low-cost, industrial feasibility and compatibility with
the oxygen evolution reaction (OER).! However, compared
to acidic or neutral environments, alkaline media present
two major challenges for HER catalysts, including: (1) more
complex and sluggish kinetics, and (2) difficulty in identify-
ing the main active site and understanding the HER
mechanism.”) Regarding the first challenge, the alkaline
HER typically follows the Volmer-Heyrovsky mechanism,
where the initial sluggish Volmer step involves the adsorp-
tion and dissociation of water molecules (H,O+e”=H*+
OH"), hindering the development of efficient HER
catalysts.”! The second challenge arises from the complexity
of most studied catalysts, which are prone to structural
reconstruction in alkaline media, complicating the atomic-
level engineering of active-site structure. Thus, an easily
engineered catalytic site with a well-defined, concise and
uniform structure, is needed for thorough mechanistic
investigation.

Zeolitic imidazolate frameworks (ZIFs) are promising
candidates, which are a special sub-class of metal-organic
frameworks (MOFs) constructed from metal ions (e.g., Zn,
Co) bridged by four imidazolate ligands in a tetrahedral
geometry.”) The periodically arranged nanoscale ZIFs
possess rich metal active sites, which not only benefit the
catalytic activity but also provide strong operando spectro-
scopic signals, offering an inherent advantage for both
performance regulation and mechanism elucidation.”’ How-
ever, most ZIF catalysis only with saturated coordination
metal sites, hindering the engineering of accessible active
sites for electrocatalytic HER kinetics in alkaline media.l” In
our previous report, we employed a highly selective ligand
removal technique (SeLiRe strategy) on mixed-ligand ZIF-8
(ML-ZIFs), constructing a series of uniform open metal sites
ZIFs (OMS-ZIFs).®! The ligand removal process, specifically
targeting 2-aminobenzimidazole (NH,-bIm), was meticu-
lously monitored through a combination of in situ and ex
situ techniques, supported by theoretical simulations. A
significant advantage of this strategy is the formation of
unsaturated Zn—N, sites, serving as well-defined atomic-
level metal sites, facilitating the unraveling of the complex
alkaline HER mechanism. Another is the preservation of
the inherent ZIFs framework while creating localized open
metal sites, thereby which is advantageous over the MOF-
base single-metal atom nitrogen-doped carbon (NC) ob-
tained by the high-temperature annealing strategy.”’

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Herein, we utilize well-defined OMS-ZIF engineered via
the SeLiRe strategy and identify their contribution to the
HER mechanism. Through in situ electrochemical Raman
spectra and complementary techniques such as synchrotron
radiation-based X-ray absorption (XAS), attenuated total
reflection-infrared (ATR-IR) and X-ray photoelectron spec-
troscopy (XPS), we validate that the Zn—N, sites preferen-
tially chemisorb electrolyte hydroxide, subsequently forming
the HO—Zn—N, sites. Density functional theory (DFT)
simulations  further confirm that the high-valence
HO-Zn—N, active sites facilitates the water activation
kinetics, and thereby promoting the overall HER process.

Results and Discussion

The structural model optimized by density-functional theory
(DFT) calculations is depicted in Figuresla and S,
illustrating the framework structure of 2-methylimidazole
(2-mIm) with open Zn sites was constructed by removing
two ligands, named by OMS-ZIF. When the two linked 2-
aminobenzimidazole (NH,-bIm) are removed, the Zn coor-
dination number with N partially decreases from 4 to 2,
resulting in the OMS-ZIF featuring the localized unsatu-
rated Zn—N, sites while maintaining the overall framework
integrity (Figure 1b). The simultaneous generation of new
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electronic states near the Fermi energy level in the density
of states (DOS), attributable to changes in the electronic
structure of Zn and N, suggesting that OMS-ZIF has a more
conductive electronic structure compared to ZIF-8 (Fig-
ure 1c). Two-dimensional electron localization function
(ELF) analysis indicates that the electron localization at the
Zn—N, sites in OMS-ZIF is higher compared to ZIF-8
without open metal sites, with an increased electron density
around the missing-ligands position (Figure 1d). These
calculations predict that the OMS-ZIF catalysis, with the
localized well-defined Zn—N, sites, possesses an electronic
structure beneficial for electrocatalytic HER.

Synchrotron radiation-based X-ray absorption spectro-
scopy (XAS), which is highly sensitive to both electronic
and geometric structures, was adopted to identify the
structure evolution of open Zn sites at applied potentials.
Figure 2a shows the Zn K-edge X-ray absorption near-edge
structure (XANES) spectra of pristine ZIF-8, OMS-ZIF
under open-circuit potential (OCP) and —0.5V applied
potential, respectively, along with the data for Zn foil and
ZnO as references. Upon —0.5 V potential, the absorption
edge of OMS-ZIF shifts slightly to higher energy, approach-
ing the ZnO edge. This shift indicates a tendency for the
oxidation state of Zn cations at the open metal sites to
increase to a higher valence state during the electrochemical
environment.**!")

OMS-ZIF

Figure 1. a, Optimized model structures of OMS-ZIF with two ligands removed. b, Selective ligand removal strategy for NH,-bIm in ML-ZIF. ¢, d,
Calculated density of states (c) and electron localization function (d) of ZIF-8 and OMS-ZIF. Dark blue for Zn, light blue for N, gray for C and white

for H.
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Figure 2. a, b, Zn K-edge XANES (a) and EXAFS Fourier transform (FT) spectra (b) of ZIF-8, OMS-ZIF and OMS-ZIF at —0.5 V applied potential,
and the data of the reference standards of Zn foil and ZnO. ¢, Comparison of Zn K-edge EXAFS WTs recorded for the reference standards, ZIF-8,
OMS-ZIF and OMS-ZIF at —0.5 V applied potential. The intensity maxima in R and K spaces reflecting the coordination number of Zn atoms, WT
stands for wavelet transform. d, e, ATR-IR (d) and Zn 2p of XPS (e) of OMS-ZIF and OMS-ZIF at —0.5 V applied potential.

As shown in the Fourier-transformed k*weighted ex-
tended X-ray absorption fine structure (EXAFS) spectra of
pristine ZIF-8 and OMS-ZIF in Figure 2b, there is only one
main signal observed at 1.44 A, assigned to the Zn-N
coordination. Upon —0.5V potential, the main signal in
OMS-ZIF exhibits an obvious low-R shift from 1.44 A to
135 A, suggesting a variation in the coordination environ-
ment of the Zn site. Meanwhile, the oscillation frequency of
the EXAFS k*(k) function for OMS-ZIF under the applied
potential differs from the open-circuit potential (Figure S2).
This indicates not only a change in the oxidation state of
metal moieties, but also suggests a rearrangement of their
localized atomic structure.™"

Further analysis of wavelet transform (WT, Figure 2c)
indicates that the maximum intensity near 4.8 A~! for both
ZIF-8 and OMS-ZIF can be assigned to the Zn—N coordina-
tion. Upon —0.5V potential, a pronounced intensity in-
crease can be observed at 7.7 A~ (represented by a dashed
line), well matching the location of Zn—O scattering and
resembles the ZnO reference. These findings reveal the
possibility of incorporated oxygen species as localized
coordinators, without disrupting the imidazole-based ZIF
structure mainly by Zn—N coordination.

Based on the above analysis, the two Zn—N/Zn—O
backscattering pathways considered were quantitatively

Angew. Chem. Int. Ed. 2025, 202419913 (3 of 8)

evaluated through a least-squares EXAFS fitting analysis for
the first Zn coordination shell (Figure S3 and Table S1). The
fitted structural parameters indicate that the average valence
state of the Zn—N in pristine ZIF-8 is about +3.9, closely
aligning with the theoretical coordination number of 4 in
sodalite-type ZIFs.'!! In contrast, the valence state in OMS-
ZIF (OCP) decreases to around +2.6, and its XANES
absorption edges closely matches the theoretical spectrum of
the Zn—N, model,'”” confirming the presence of the localized
Zn—N, sites formed by the SeLiRe strategy (as depicted in
Figure 1a). For OMS-ZIF at —0.5 V, the most reasonable
fitting consists of two-fold Zn—N coordination (+2.5)
combined with additional Zn—O coordination (+1.0). This
indicates that oxygen species from the KOH electrolyte may
have been chemisorbed with Zn—N, sites, as evidenced by
the reduced average bond length in OMS-ZIF.

To better validate the active sites formed by Zn—N,/ZIF
and oxygen species, we further conducted the Attenuated
total reflection infrared (ATR-IR) and X-ray photoelectron
spectroscopy (XPS) for surface characterization. In the IR
spectra shown in Figures 2d and S4, the peak observed at
3496 cm ™ in OMS-ZIF at —0.5 V is mainly ascribed to the
stretching vibration of the O-H bond. Concurrently, a
distinct vibrational peak at 530 cm™' was identified, indica-
tive the presence of HO—Zn bond, formed by the chem-

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

101

ASUDDIT SUOWWO)) AL d[qeorjdde o) £q PAUIIAOS oIk SIOIIE Y() oSN JO SN J0J KIRIQIT dUIUQ) AI[IAL UO (SUONIPUOI-PUB-SULID) /WO K[ M AIRIqI[uI[uo//:sdNy) SUONIPUOD) PUB SWLIDL, Y1 39S *[STOT/10/€0] U0 KIRIqIT QuIuQ) A[IAL © USIAN IBIISIOATUN QYOSIUYOA], - Sueny oeayy £q €166 1207 21Ue/Z001 0 1/10p/wod Kaim*Kreiqrjaurjuo//:sdny woij papeojumod ‘0 ‘€LLEITST



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

GDCh
~—~

isorbed of —OH group onto the Zn site.” This peak is
notably absent in plain ZIF-8@—0.5V in the same electro-
chemical environment, where Zn coordination is fully
saturated, underscoring that —OH chemisorption occurs
exclusively in post-SeLiRe OMS-ZIF.

The intrinsic Zn—N stretching peak (421 cm™") of OMS-
ZIF at —0.5V in IR spectra, representing the metal-ligand
connectivity, remained intact, highlighting the preservation
of the inherent framework structure. This stands in contrast
to many reported MOF-base nitrogen-doped carbon materi-
als, which often lose their MOF framework during high-
temperature annealing in order to achieve a single-metal
atom sites.™'¥ Furthermore, the appearance of the higher-
valence state signals (highlighted in yellow, at 1018 and
1041 eV) and the shift of the intrinsic Zn 2p peaks towards
higher energy in the XPS fitting, provide additional evidence
of chemisorption between oxygen species and unsaturated
Zn—N, sites in OMS-ZIF at —0.5 V potential (Figure 2e).

Advanced in situ electrochemical Raman spectroscopy
was employed to further investigate the relationship
between the Zn—N, and OH radicals during alkaline electro-
catalysis (Figure 3). The characteristic peak at 285cm™
corresponds to the Zn—N between the inherent metal and
ligands in sodalite-type ZIFs.'”! From —0.1 to —0.5V, the
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Zn—N signal in OMS-ZIF shows no significant variation,
indicating that the inherent ZIF framework remains un-
affected by the applied potential. Meanwhile, new signals at
364 and 379 cm ' appear, corresponding to the HO-Zn
bonds formed between open Zn sites and OH™, while the
721 cm™' signal corresponds to free OH radicals."® After
—0.3 V potential, OMS-ZIF begins to exhibit strong HO—Zn
and OH radicals signals, which do not recover as the
potential rises from —0.5 V to —0.1 V, indicating an irrever-
sible transition to a higher-valence oxidation state. The
resulting active sites, besides two inherent Zn—N coordina-
tions, also include one —OH group chemically bonded to the
Zn—N,, forming the high-valence unsaturated HO—Zn—N,
moiety (Figure 5a), consistent with the conclusions drawn
from the XAS and IR spectra. Conversely, although ZIF-8
may also be affected by OH radicals in the same electro-
chemical environment, its already saturated Zn coordination
does not show noticeable HO—Zn signals.

Overall, it can be inferred that unsaturated Zn—N, sites
engineered by SeLiRe strategy to chemisorb —OH group
driven by the applied potential in alkaline KOH environ-
ment, thereby in situ forming the high-valence HO—Zn—N,
sites in the ZIF framework.

Free OH

VAYAES

MW'U‘\“’U\

I

AT0iTe  Ge &R i

364 cm™” 379 cm™

400 GG | MBS 4T TaBy ot 2250 twm mm o G0 W@

Raman shift (cm™) Raman shift {em™)

Figure 3. a, b, In situ electrochemical Raman study of ZIF-8 (a) and OMS-ZIF (b) at the applied potentials from —0.1 to —0.5 Vand —0.5 to —0.1 V.
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Generally, the above validated HO—Zn—N, sites belong-
ing to high-valence transition-metal oxides species (TMOs)
have higher catalytic activity, effectively enhancing the
efficiency in the Volmer step during alkaline HER.P*!”!
Therefore, we evaluated the electrocatalytic HER perform-
ance using ZIFs sample grown on nickel foam (NF) as
working electrodes, with the reversible hydrogen electrode
(RHE) serving as the potential reference, and N-saturated
1M KOH as the electrolyte. As shown in Figure 4a, the
current densities of NF, ZIF-8, and OMS-ZIF were assessed
via linear scanning voltammetry (LSV) under consistent
conditions. The OMS-ZIF created through in situ formation
of high-valence HO—Zn—N, localized sites exhibit higher
current densities compared to the parent ZIF-8, achieving
0.01, 0.1 and 1 Acm 2 at low overpotentials of 0.07, 0.19 and
0.41 'V, respectively (Figure 4b), consistent with the predic-
tions from DFT simulations. This is substantially lower than
the overpotentials required for pristine ZIF-8 (0.31 V bei
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10 mAcm?) and other OMS-ZIFs with variation NH,-bIm
removal ratios (Figure S5, as details in Supplementary
Note 1). Furthermore, the OMS-ZIF requires an overpoten-
tial of only 0.67 V to achieve higher ampere-level current
density of 4 Acm~? (Figure S6a).

In the evaluation of the Tafel slope (Figure 4c), the
OMS-ZIF demonstrates the lowest slope of 45.71 mV dec™
compared to ZIF-8 (170.92mVdec '), indicating superior
kinetic characteristics for HER catalysis.**! Since the elec-
trochemically active surface area (ECSA) is directly propor-
tional to the electrochemical double-layer capacitance (Cg),
it was estimated based on the non-Faradaic region of the
cyclic voltammetry (CV) curves at different scan rates (20 to
100 mVs™; see Figure S7). As shown in Figure 4d, OMS-
ZIF exhibits a higher ECSA (Cy=12.24 mFcm %) compared
to ZIF-8 (C4=1.83 mFcm?). The ECSA-normalized LSV
curves for OMS-ZIF still demonstrate a lower overpotential
compared to ZIF-8 (Figure S6b). This indicates that, aside
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Figure 4. a, LSV curves toward HER of nickel foam, ZIF-8 and OMS-ZIF. b, Overpotentials at 0.01, 0.1 and 1 Acm ™2 of ZIF-8 and OMS-ZIF. c, d,
Tafel slopes (c) and capacitive currents (d) of ZIF-8 and OMS-ZIF. Capacitive currents data are from Figure S6, error bars correspond to the
standard deviation of the three C, measurements. e, Diagram comparing of overpotential and stability of OMS-ZIF with other reported MOF-base
catalysts, more details in Table S2. f, Potentiometric curve and H, evolution rate of ZIF-8 and OMS-ZIF for 120 hours. g, LSV curves of OMS-ZIF

before and after the 120-hour potentiometric test.
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from the effect of the number of active sites, the HO—Zn—N,
site possesses higher intrinsic activity. Additionally, owing to
the partial removal of organic ligands, electrochemical
impedance spectroscopy (EIS; see Figure S8) and electrical
conductivity test reveal that OMS-ZIF has lower resistance,
with a higher conductivity (18.941.2 uSm™') compared to
ZIF-8 (11.440.7 pSm ). This increase in electrical conduc-
tivity further contributes to the enhancement in HER
performance.

Electrocatalytic performance stability of samples was
evaluated using a 120-hour potentiometric test (Figure 4f).
We integrated an in situ H, gas flow detection system into
the cell during the potentiometric test, allowing real-time
monitoring of changes in potential and H, evolution rate.
Sample OMS-ZIF exhibits a stable potential for a long
period of 120 hours at 0.5 A cm? with a negligible loss in H,
evolution rate (9.4 %). In contrast, the HER performance of
pristine ZIF-8 decreased rapidly. Comparing the LSV curves
before and after 120-hour measurement, OMS-ZIF shows
only slight degradation, indicating its high electrochemical
stability (Figure 4g).

After the 120-hour potentiometric test, the OMS-ZIF
retains the Bragg peaks characteristic of sodalite-type ZIF in
XRD patten, with no obvious decrease in crystallinity
(Figure S9a). Similarly, in XPS analysis, the signal of high
oxidation state of Zn atom in the HO-Zn—N, sites was
preserved (Figure S9b). During the previous applied poten-
tial tests, the Zn—N intensity in the IR and Raman signals of
OMS-ZIF remains relatively unchanged, whereas it de-
creased dramatically to nearly disappear for ZIF-8
(Figures 3 and S4). This implies that OMS-ZIF maintains its
inherent framework structure and high-valence HO—Zn—N,
sites during long-term reactions at a certain potential.

In conclusion, the SeLiRe strategy can serve as a
universal approach for engineering open metal sites and
enhancing the HER performance in ZIFs. Sample OMS-ZIF
with high-valence HO—Zn—N, active sites demonstrates the
great electrocatalytic activity and stability, against previous
reported MOF-base HER electrocatalysts (Figure 4¢ and
Table S2).

In situ electrochemical UV/Vis absorption spectroscopy
and photoluminescence (PL) spectroscopy were utilized to
investigate the photoelectronic properties during the 5-hour
amperometry. Pristine ZIF-8 exhibits an inherent ultraviolet
absorption peak at 218 nm (Figure S10a). OMS-ZIF, on the
other hand, exhibits the absorption peak in the visible light
range, indicating its potential for visible-light-driven catal-
ysis (Figure S10b). As the reaction progresses under —0.3 V
amperometry, the absorption peak of ZIF-8 decreases
rapidly, while OMS-ZIF exhibits only negligible changes. In
situ electrochemical PL analysis further confirms the electro-
chemical stability of OMS-ZIF. The intrinsic PL. peak of
OMS-ZIF at 433 nm shows no significant shifts or weaken-
ing for up to 5 hours (Figure S11). This stability underscores
the robustness of the OMS-ZIF structure and its suitability
for extended electrochemical operations.

Based on the visible-light absorption capability observed
in OMS-ZIF, which contrasts with the solely UV-light
absorption of pristine ZIF-8 and ML-ZIFs, the visible-light
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photoelectrocatalysis offers a promising approach to enhanc-
ing real-world application involving HER. Moreover, the
imposition of an applied potential serves as an effective
strategy to prevent the recombination of photogenerated
electron-hole (e /h) pairs.™® Therefore, we investigated the
visible-light HER performance of OMS-ZIF on fluorine-
doped tin oxide (FTO) glass.

As shown in Figure S12, the current density and H,
evolution rate of OMS-ZIF under visible light was evaluated
using amperometry at —0.3 V applied potential. Visible light
illumination led to a rapid increase in both current density
and H, evolution rate, reaching about 1.5 times higher levels.
Even after continuous operation for 10 hours, the HER
performance of OMS-ZIF remains stable. In contrast, ML-
ZIF (the precursor of OMS-ZIF) shows no activity
enhancement under visible light, as it only absorbs ultra-
violet light (Figure S13). This indicates that the SeLiRe
strategy can extend the light absorption range of OMS-ZIF
to the visible-light region, thereby imparting them with
specific photoelectrocatalytic properties.

The aforementioned analysis provides clear evidence
that the formation of unsaturated Zn—N, sites in OMS-ZIF
catalysts is linked to an increase in valence state via
chemisorption of —OH group under alkaline electrocatalysis,
without compromising the intrinsic framework structure of
sodalite-type ZIFs (Figures 5Sa and S14). Compared to the
saturated Zn—N, in the ZIF-8 and ML-ZIF, the engineering
of highly reactive TMOs HO—-Zn—N, active sites in OMS-
ZIF is the main reason for the enhancement of alkaline
HER performance by an order of magnitude.

To elucidate the reaction mechanism, we conducted
theoretical investigations of HO—Zn—N, active sites based
on DFT calculations, complementing the results of
(photo)electrocatalytic experiments. In the alkaline HER
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Figure 5. a, Optimized HO—Zn—N, active sites in OMS-ZIF model. b,
Electrocatalytic HER mechanism of OMS-ZIF in alkaline aqueous
solution. ¢, d, Calculated free energy (c) and water dissociation energy
(d) of Zn—N,/NC, HO—Zn—N,/NC and HO—Zn—N,/ZIF on the alkaline
HER mechanism. Dark blue for Zn, light blue for N, red for O, gray for
C and white for H.
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mechanism, the unsaturated HO—Zn—N, serve as adsorption
sites for H,O molecules (step 1). This is followed by their
dissociation into OH* and H* in step 2 (Figure 5b). In
subsequent steps, OH* detaches from the Zn site, while H*
remains on the ligand N reacts with a proton from other
H,0 molecules to generate H,. Since the sluggish Volmer
step currently limits the HER efficiency of the current
catalysts,”*! our focus is on the kinetics of H,O molecule
adsorption and dissociation in the first two steps. Figure Sc
illustrates the Gibbs free energies for the OMS-ZIF model
with HO—Zn—N, as the real active sites, using a nitrogen-
doped carbon (NC) with single-atom Zn sites for compar-
ison (Figures S15-17). The HO-Zn—N,/ZIF model has a
Zn—N bond length of 1.928 A, and a Zn—O bond length of
2.058 A, which are close aligned with the XAS experimental
results (Table S1, Zn—N is 1.88 +0.01 A and Zn—O is 2.02+
0.01 A). This corroborates the structural accuracy of the
model. In Step 1, the free energy change of H,O adsorption
on HO—Zn—N,/ZIF is —0.38 eV, more negative than that of
Zn—-N,/NC (-030eV) and HO-Zn-N,/NC (-0.27¢eV),
indicating a more favorable H,O adsorption. The energy
barrier for H,O dissociation (Step 2) on HO—Zn—N,/ZIF is
0.24 eV, is also significantly lower than the 0.67 eV and
0.56 eV required for Zn—N,/NC and HO-Zn—N,/NC, re-
spectively. Similarly, when comparing the H,O dissociation
energy alone, the 0.15 eV for HO—Zn—N,/ZIF is also lower
than the 0.58eV and 0.46eV for Zn—N,/NC and
HO-Zn—N,/NC (Figure 5d). These findings collectively
indicate that, the OMS-ZIF model with the HO—Zn—N, sites
theoretically facilitates the H,O dissociation into OH* and
H*, more readily compared to traditional single-atom NC
materials. Notably, the saturated Zn sites in ZIF-8 require a
significant formation energy to remove or exchange ligands
(8.92eV for two ligands), which is nearly impossible to
achieve during the HER process.””! From these theoretical
calculations, it can be concluded that the unsaturated
HO-Zn—N, sites theoretically accelerate the activation
kinetics of H,O molecules, thereby enhancing the efficiency
of the Volmer step and the overall HER performance of
OMS-ZIF.

Conclusions

Highly selective ligand removal (SeLiRe) strategy has
evolved as a promising route to introduce open metal sites
(OMS) as real active sites into ZIFs without altering the
inherent framework structure. By altering the Zn coordina-
tion number from saturated Zn—N, to unsaturated Zn—N,,
we engineered the open zinc sites using the SeLiRe strategy.
Then structural and electronic features of the OMS-ZIF
were analyzed through a range of state-of-the-art in situ and
ex situ techniques along with theoretical calculations. Under
actual process conditions (alkaline electrolytes and applied
potential), these open Zn—N, sites chemisorb hydroxyl
groups from the KOH electrolyte, forming high-valence
HO-Zn—-N, as real active sites for (photo)electrocatalytic
HER.
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The introduction of the HO—Zn—N, sites has consider-
ably lowered the overpotential for HER from 0.31 V (ZIF-
8) to 0.07V (10mAcm?), thus increasing the overall
electrocatalytic efficiency. These active sites also decreased
the band gap and hence rendered the OMS-ZIF visible light
active, in contrast to the UV-limited ZIF-8.

DFT simulations further revealed that the high-valence
HO-Zn—N, sites theoretically favor the adsorption and
dissociation steps of the H,O molecules, and enhancing
overall HER performance. This study demonstrates a
versatile SeLiRe strategy for introducing highly active
catalytic sites in ZIFs and MOFs, also verifies that altering
the electronic structure potentially enhances catalytic activ-
ity and renders the materials visible light active.
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Chemicals. Zinc nitrate hexahydrate (Zn(NO3)2-6H20, 98%, ACROS), 2-methylimidazole (2-mIm,
C4HeN2, 99%, Sigma-Aldrich), 2-aminobenzimidazole (NH2-blm, C7H7N3, 97%, Sigma-Aldrich),
Methanol (MeOH, 99.9%, HiPerSolv CHROMANORM, VWR), Postassium hydroxide (KOH,
85%%, Sigma-Aldrich), Nafion™ perfluorinated resin solution (nafion, 5 wt.%, Sigma-Aldrich).
Synthesis of Open metal sites ZIF-8 (OMS-ZIF). Sample OMS-ZIF obtained by thermolysis of
ML-ZIF (Mixed-ligand ZIF-8) at specific temperatures for specific time periods. For synthesis
details on the precursor ML-ZIF and ZIF-8, please refer to our previous report [!. The heating
process was conducted using a muffle furnace (LT 5/12 Nabertherm, Germany) in air atmosphere,
the calcination temperature and time is 290°C and 30 minutes, ramp rate of 10°C/min. The final
temperature was allowed to cool naturally to room temperature.

ZIF @Nickel Foam electrode. The electrode was prepared by synthesizing ZIF crystals uniformly
grown on a nickel foam electrode using microwave reaction. The process involves soaking nickel
foam in a zinc nitrate solution (0.87g Zn(NO3)2:6H20; 20 ml HPLC methanol) and then using a
microwave synthesis reactor (Monowave 300, Anton Paar) to uniformly load zinc ions onto the
nickel foam by heating at 150°C for 60 minutes. Subsequently, the treated nickel foam electrode is
immersed in the ligand solution (2g 2-methylimidazole; 20 ml HPLC methanol) and subjected to
microwave synthesis (to accelerate crystal growth) by heating at 150°C for 30 minutes. The
resulting ZIF@NF electrode is then dried overnight in a vacuum oven at 60°C. For OMS-ZIF @NF
electrodes, the ligand solution is replaced with a specific mixture of 2-aminobenzimidazole and 2-
methylimidazole. After vacuum drying, the obtained NF electrodes are annealed in a muffle furnace
(LT 5/12 Nabertherm, Germany) at 290°C, with heating time of 30 minutes.

ZIF@FTO glass electrode. The electrode was prepared by uniformly drop-case ZIF powder onto
the fluorine-doped tin oxide (FTO) glass surface, as previously reported [*!. 1 mg of the ZIF samples
is mixed with 950 pl of HPLC methanol and 50 pl of nafion solution, and the mixture is sonicated
for 30 minutes. Subsequently, the mixed solution is drop-cased onto the surface of the FTO glass
(1 cm X 3 cm). Finally, the ZIF@FTO electrode is placed in a vacuum oven and dried overnight at
60°C. For the preparation of OMS-ZIF@FTO electrodes, the ML-ZIF solution (1 mg ML-ZIF; 950
ul of HPLC methanol; 50 pl of nafion) is first drop-cast onto the surface of FTO glass. After
vacuum drying, the obtained FTO electrodes are annealed in a muffle furnace (LT 5/12 Nabertherm,

Germany) at 290°C, with a heating time of 30 minutes.
2
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X-ray Diffraction (XRD). Used PANalytical X'Pert Pro multi-purpose diffractometer (MPD) with
Bragg Brentano geometry with Cu anode at 45 kV, 40 mA, equipped with a BBHD Mirror and an
X-Celerator multichannel detector. The diffraction patterns were recorded at a 26 angle of 5° and
90°. All measurements were performed with Cu sealed tube Ka and KB radiation (2:1 ratio) with a
wavelength of A=1.54060 A at a scan rate of 0.5° min™'. A sample holder is a single crystal silicon
on which the sample is immobilized by use of a drop of heptane, and rotated every 4 seconds during
the test.

Attenuated total reflection-infrared spectroscopy (ATR-IR). Spectra obtained with Perkin
Elmer Spectrum two FT-IR spectrometer were in the infrared range of 400-4000 cm™, with the
LiTaOs (lithium tantalate) MIR detector. Control each data Force Gauge at around 120 with
accumulation number of scans is 8 times.

X-ray photoelectron spectroscopy (XPS). All XPS measurements were executed using a custom-
built SPECS XPS spectrometer equipped with a monochromatized Al-Ka X-ray source (uFocus
350) and a hemispherical WAL-150 analyzer (acceptance angle: 60°). The In-foil was fixed to the
sample holder using double sided carbon tape. For spectral acquisition, pass energies of 100 eV
and 30 eV, along with energy resolutions of 1 eV and 100 meV, were employed for survey and
detailed spectra, respectively. An excitation energy of 1486.6 eV, beam energy and a spot size of
70 W to 400 pum at an angle of 51° to the sample surface normal were used. The base pressure
reached a value of 5x107'° mbar, and the pressure throughout the measurement was 5x10” mbar.
X-ray absorption near-edge structure spectroscopy (XANES). The metal (Zn) K-edge XAS data
were collected at beamlines | W1B and 1 W2B in the Beijing Synchrotron Radiation Facility (BSRF,
operated at 2.5 GeV with a maximum current of 250 mA). The obtained XAFS data was processed
in Athena (version 0.9.26) ©*! for background, pre-edge line and post-edge line calibrations. Then
Fourier transformed fitting was carried out in Artemis (version 0.9.26) B The k* weighting, k-
range of 3 — ~11 A™! and R range of 1-3 A were used for the fitting of Zn-foil; The k* weighting,
k-range of 3 — ~10 A" and R range of 1-2 A were used for the fitting of Samples. For Wavelet
Transform analysis, the y(k) exported from Athena was imported into the Hama Fortran code. The
parameters were listed as follow: R range, 0-4 A; k range, 0-16 A™!; k weight; and Morlet function

with k=10, 6=1 was used as the mother wavelet to provide the overall distribution.
3
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In-situ electrochemical Raman spectroscopy. Measurements were collected on HORIBA
LabRAM Spectrometer with a 532 nm laser. In-situ measurement was conducted within a three-
electrode system, with the working electrode securely positioned in a specialized Raman
electrolytic cell.

In-situ electrochemical UV-Vis absorption spectroscopy (UV-Vis). Absorbance of each
ZIF@FTO glass were obtained at 350-700nm by Jasco V-670. Measurements were carried out
using the Jasco V-670 in diffuse reflectance mode with an Ulbricht-sphere. In-situ measurement
was conducted within a three-electrode system, with the working electrode securely positioned in
a colorimetric cell serving as the electrolytic cell.

In-situ electrochemical Photoluminescence spectroscopy. Measurements were carried out with
a PicoQuant FluoTime 300 spectrophotometer. The excitation source was a xenon arc lamp (power
=300 W), coupled with a double-grating monochromator. The detection system comprised of a
PMA Hybrid 07 detector along with a high-resolution double monochromator. Samples were
excited directly at a wavelength of 425 nm with ZIF@FTO glass. In-situ measurement was
conducted within a three-electrode system, with the working electrode securely positioned in a

colorimetric cell serving as the electrolytic cell.

(Photo)electrochemical measurements. All electrochemical tests were conducted in a three-
electrode system. 1 M KOH solution (Potassium hydroxide) was chosen as the electrolyte, with
Ag/AgCl1/3M KCI serving as the reference electrode and Pt as the counter electrode. The working
electrode consisted of ZIF@FTO or ZIF@NF, the ZIF@FTO is utilized for all in-situ
measurements. The conversion of the potential vs. Ag/AgCl/3M KCI to the reversible hydrogen

electrode (RHE) follows:
E (RHE) = E (Ag/AgCl) + E, (Ag/AgCl) + 0.059pH

In-situ H> flow detection system employed an argon gas to continuously purge the cell reactor at a
flow rate of 30 mL min !, delivering Hz to the X-stream analyzer (Emerson Process Management).
The H: concentrations (ppm) measured in the stream is converted to the HER rate (umol h™') by
the ideal gas equation.

Electrical resistance of ZIF-8@NF and OMS-ZIF@NF were measured using a two-probe

measurement method. The conversion equation for electrical conductivity (o) and resistance (R) is

4
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o = l/RA, where [ is the thickness of the ZIFs (~1 um by microscope), and 4 is the NF area (1
cm X 3 cm).
Photoelectrocatalytic experiments were performed using visible light (400-700 nm, 2.36 W) from

SUPERLITE SUV-DC-E (Lumatec) as a light source.

Density functional theory (DFT) calculations. All of the calculations were performed by
using Vienna ab initio program package (VASP) Y. The exchange and correlation effects of the
electrons were described by using the Perdew-Burke-Ernzerhof (PBE) ! functional of a
generalized gradient approximation (GGA) method [®!. The projector augmented wave (PAW)
method was used to describe the electron-ion interaction. Spin polarization considered. The
cutoff energy of the plane-wave was set as 500 eV. The (1x1x1) k-point mesh was used for k-
space integration in structure relaxation of MOF structures with different number of ligands,
the (4x4x4) k-point mesh was used and for DOS calculation of them. Conjugate-gradient
algorithm is used to relax the ions into their instantaneous ground state. The structures involved
were fully relaxed with the energy and force convergences less than 1x10° eV and 0.03 eV A~
!, respectively. For the calculation of water adsorption on Zn-NC, the (4x4x1) k-point mesh
was used for k-space integration, a Zn—N2 coordination structure similar to that in Zn-MOF

was used to ensure the reliability of the results, as shown in Figures S14-17.

Supplementary Note 1. Electrocatalytic HER performance of other OMS-ZIF.

The OMS-ZIF mentioned in the main text was obtained using 30%ML-ZIF as a precursor through
the SeLiRe strategy. In our previous studies [), we also investigated other R%OMS-ZIF samples
with varying distributions of open metal sites and porosity, constructed based on 10%, 50%, and
70%ML-ZIF. Here, R% represents the mass ratio of NH2-blm to NH2-bIm + 2-mIm.
Electrocatalytic HER tests were conducted on both 10%, 50% and 70%OMS-ZIFs; it is noteworthy
that their current densities under same conditions are much lower than that of 30%0OMS-ZIF, but
still higher than pristine ZIF-8 (Figure S8a). Specifically, 10%, 50% and 70%OMS-ZIFs achieve
0.1 A cm ™ at overpotentials of 0.49 V, 0.34 V and 0.29 V, respectively (Figure S8b). As well, their
Tafel slopes are significantly higher than that of 30%OMS-ZIF, with 10% at 127.43 mV dec ™!, 50%
at 124.52 mV dec ™', and 70% at 111.05 mV dec ' (Figure S8c).

5
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In summary, the electrocatalytic HER activity of all OMS-ZIF samples ranks as follows: 30% >
70% > 50% > 10%. The main reasons for this differentiation are the varying contents of localized
Zn—Nz sites and their porosity. As concluded from the XAS results, the 30%OMS-ZIF possesses
the optimal Zn—N: active sites, which leads to stronger chemisorb of —OH groups in the
electrochemical environment, ultimately forming more high-valence HO—Zn—Nz2 active sites that

are beneficial for the HER process.
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and OMS-ZIF at —0.5 V applied potential.
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Figure S5. a, LSV curves toward HER of 10%, 30%, 50% and 70%OMS-ZIF. b, ¢, Overpotentials
at 100 and 200 mA cm 2 (b) and Tafel slopes (c) of 10%, 30%, 50% and 70%OMS-ZIF. Here, the
30%O0OMS-ZIF corresponds to the OMS-ZIF in all the above mentioned as well as in the main text,
more detail in Supplementary Note 1.
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Figure S7. Cyclic voltammetry curves of ZIF-8 (a-¢) and OMS-ZIF (d-f) at different scan rates in
1.0 M KOH, each sample measured three times. ECSA is directly proportional to its
electrochemical double-layer capacitance (Car) according to the following equation:

C
ECSA = -2
Cs

where C; is the specific capacitance of the sample, 1 M KOH is usually taken with Cs assumed to
be 0.04 mF cm? [, where Cu is the electrochemical double-layer capacitance of the sample,
estimated according to the above CV curves of the non-Faraday region [*1.
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Figure S9. XRD patterns of ZIF-8 and OMS-ZIF before and after the 120-hour potentiometric test
(a). XPS of OMS-ZIF after the 120-hour potentiometric test (b).
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Figure S10. In-situ electrochemical UV-Vis absorption spectroscopy of ZIF-8 (a) and OMS-ZIF (b)

at —0.3 V applied potential for 5 hours.
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Figure S11. In-situ electrochemical Photoluminescence spectroscopy of OMS-ZIF at —0.3 V applied

potential for 5 hours.
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Figure S12. Chronoamperometric curve and H> evolution rate of OMS-ZIF for 12 hours at 0.3 V

under visible light.
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Figure S13. Chronoamperometric curve of 30%ML-ZIF at —0.3 V under visible light.

“aylolgig usip\ N.L Te wuld ul ajgejrene si Sisay) 210190 Syl JO UoisiaA jeulblio panoidde ay L
“regBniian ayiolgig UsIp\ NL 19p Ue 1sI uoeuassig 1asalp uoisiaAfeulibuO apjonipab susiqoidde aiqg

qny a8pajmoud| JNoA

Sraylolqie

19

127



Figure S14. HO—Zn—N2/ZIF structure optimized from DFT simulation. Dark blue for Zn, light blue

for N, red for O, gray for C and white for H.
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Figure S16. Reaction steps for H20 adsorption/dissociation of Zn—N2/NC. Dark blue for Zn, light

blue for N, red for O, gray for C and white for H.
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Figure S17. Reaction steps for H20 adsorption/dissociation of HO—Zn—N2/NC. Dark blue for Zn,

light blue for N, red for O, gray for C and white for H.
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Table S1. EXAFS fitting parameters at the Zn K-edge for various samples (S¢*=0.8 from Zn-foil).

Samples shell CN? R (AP o’ (A" AEg (eV)? R factor®

Zn—7Znl 6 2.64+0.01 0.0094

Zn-foil 2.1+£0.9 0.0013
Zn—7/n2 6 2.76+0.01 0.0189

ZIF-8 Zn—N 3.9+0.3 1.95+0.01 0.0037 -0.4£2.1 0.0080

OMS-ZIF Zn—N 2.6+0.2 1.92+0.01 0.0031 -0.2£2.6 0.0139
OMS.-ZIF Zn—N 2.5+0.3 1.88+0.01 0.0046

@- o- sy -2.3£1.0 0.0163
' Zn—0 1.0£0.4  2.02+0.01 0.0043

4CN: coordination numbers.
R: bond distance.
°c%: Debye-Waller factors.

dAEo: the inner potential correction.
‘R factor: goodness of fit. Error bounds that characterize the structural parameters obtained by
EXAFS spectroscopy were estimated as CN+20%; R+1%; 6*+20%.

24

132



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Table S2. Comparison of electrocatalytic HER performances of OMS-ZIF with other reported

MOF-base catalysts.

Overpotential  Tafel slope Stability
Catalysts Electrolyte Ref.
V)2 (mV/dec) (hour)
This
OMS-ZIF 1M KOH 0.07 45.71 120
work
NiRuo.13-BDC 1 M KOH 0.03 32 30 [9]
AB&CTGU-5 0.5 M H2S04 0.04 45 96 [10]
RuCo-CAT 1 M KOH 0.04 32 15 (1]
Ni-ZIF/Ni-B@NF 1 M KOH 0.07 101 64 [12]
D-Ni-MOF 1 M KOH 0.10 51 48 [13]
Mno s2Feo.71Ni-
1 M KOH 0.10 104 100 [14]
MOF-74
NiFe-MOF 0.1 M KOH 0.13 - 0.56 [15]
FeNiP-NPs 1 M KOH 0.17 66 50 [16]
Co—Zn/PNC 1 M KOH 0.18 100 10 (171
FeNiP/NCH 1 M KOH 0.22 125 40 (18]
Co-BDC/MoS2 1 M KOH 0.25 86 15 [19]
2D Co-MOFs 0.5 M H2S04 0.28 86 24 [20]
3D NibpyfcdHp 0.5 M H2S04 0.35 60 30 (21]
3D Co/Ni-MOFs 0.5 M H2SOs4 0.36 107 96 (22]

@ All samples were overpotentialed at a current density of 10 mA cm 2.
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Qiancheng Zhou?, Sabine Schwarz®, Dogukan Hazar Apaydin’, Ying Yu?' ~ &
Dominik Eder®'

The current limitations in utilizing metal-organic frameworks for (photo)
electrochemical applications stem from their diminished electrochemical
stability. In our study, we illustrate a method to bolster the activity and stability
of (photo)electrocatalytically active metal-organic frameworks through ligand
engineering. We synthesize four distinct mixed-ligand versions of zeolitic
imidazolate framework-67, and conduct a comprehensive investigation into
the structural evolution and self-reconstruction during electrocatalytic oxygen
evolution reactions. In contrast to the conventional single-ligand ZIF, where
the framework undergoes a complete transformation into CoOOH via a step-
wise oxidation, the ligand-engineered zeolitic imidazolate frameworks manage
to preserve the fundamental framework structure by in-situ forming a pro-
tective cobalt (oxy)hydroxide layer on the surface. This surface reconstruction
facilitates both conductivity and catalytic activity by one order of magnitude
and considerably enhances the (photo)electrochemical stability. This work
highlights the vital role of ligand engineering for designing advanced and
stable metal-organic frameworks for photo- and electrocatalysis.

= Metal-organic frameworks (MOFs) are intricate structures comprised bonds between metal nodes and ligands, in contrast to the robust ionic

10,11

& of secondary building units (SBUs) or clusters formed by the coordi-
@ nation of metal nodes with organic ligands, the synthesis and appli-
cations of which have been thoroughly investigated within the

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

Th

#\ materials field">. A surge in research efforts has explored the direct
f) applications of MOFs in electrochemical applications, where the metal
- nodes often serve as active catalytic sites for electrocatalysis, espe-
4= = cially in Co-MOFs™*, Ni-MOFs’”’, and mixed-metal MOFs®’. Despite

© & these advancements, the stability and conductivity of MOF materials in
= = electrochemical environments and their feasibility as direct electro-
=] . . . . .
:E £ catalysts remain contentious due to the relatively weaker coordinating
m:

bonds found in traditional inorganic materials

For instance, the direct electrocatalysis of pristine zeolitic imida-
zolate framework-67 (ZIF-67) leads to the complete reconstruction
(CR) of its organic framework over time and, eventually to phase
transition to Co(OH), and CoOOH in alkaline environments (KOH)".
Despite the higher catalytic activity of oxygenated cobalt species, the
self-reconstruction is typically unavoidable, making it impossible to
consider ZIF-67 as an electrocatalyst directly". Tang et al. found a
two-step dynamic structural reconstruction in NiCo-MOF-74 during
the oxygen evolution reaction (OER) process, from the MOF structure

TInstitute of Materials Chemistry, Technische Universitit Wien, 1060 Vienna, Austria. ZInstitute of Nanoscience and Nanotechnology, College of Physical
Science and Technology, Central China Normal University, 430079 Wuhan, China. 3Service Center for Electron Microscopy (USTEM), Technische Universitat
Wien, 1040 Vienna, Austria. - e-mail: yuyingOl@ccnu.edu.cn; dominik.eder@tuwien.ac.at
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to NiCo(OH), and then further to NiCoOOH at higher potentials®. This
nature is prevalent when MOFs are used as OER anodes in alkaline
electrolytes, where they undergo the irreversible electro-oxidation
process'®”. Ultimately, MOFs are constructed into metal-based oxy-
hydroxides as the real catalytic species, rather than the original metal
node. The fundamental nature of the CR process of MOFs during
electrochemical treatment is the ligand substitution process, which
disrupts the framework stabilization and primitive metal nodes of
MOFs. Therefore, we contend that in addition to enhancing electro-
catalytic activity, improving the electrochemical stability and mitigat-
ing the CR process of MOFs is particularly crucial in (photo)
electrochemical applications.

Designing stable MOF electrocatalysts through ligand engineering
has gained increasing attention'®". For instance, Dang et al. introduced
multiple ligands in MOFs, constructing a multivariate MOF-5 structure
with unique properties of CO,-selective adsorption®. ZIF-62, which
incorporates two different ligands, exhibits suitable thermal stability
and undergoes melting before thermal decomposition, making it
widely employed in quenching to form distinct MOF glasses® %, Oth-
ers, Wang et al. and Wu et al., prepared a series of the MOFs or MOF
composites as stable and efficient photocatalysts through ligand
engineering***. We thus envision the development of a stable elec-
trocatalyst by employing ligand engineering on ZIFs to balance the
electrochemical stability and activity.

Zeolitic Imidazolate Framework

According to the hard-soft acid-base (HSAB) principle, two stra-
tegies can be envisioned to construct stable MOFs based on the
coordination bond strength: (a) hard acid/hard base; (b) soft acid/soft
base”?¢. Unfortunately, commonly used low-valent metals (Zn** and
Co?) in ZIFs belong to soft acids, and it is difficult to design ZIFs with
suitable crystallinity using corresponding soft bases (such as pyr-
azolate ligand)”. Considering the literature report claiming to enhance
the electrical conductivity of MOFs by tuning the stacked aromatic
carbon rings®, and combining with our previous studies on mixed-
ligand ZIFs*’, we here select four secondary ligands featuring aromatic
carbon ring and amino group. These ligands were mixed with the
original ligand by microwave synthesis reactor, thereby constructing
ligand-engineered ZIFs (LE-ZIFs) aimed at achieving a balance between
electrochemical activity and stability. Previous studies have easily
confused the electrochemical “performance” stability and electro-
chemical stability, and the main reason for this ambiguity lies in the
absence of in-situ electrochemical characterization'>***". Here we
combine the continuous cyclic voltammetry (CV), in-situ UV-Vis
absorption spectroscopy, in-situ Raman spectroscopy and in-situ
photoluminescence (PL) spectroscopy to elucidate the reconstruction
phenomena of as-prepared ZIFs during (photo)electrocatalytic reac-
tion. Ex-situ characterizations and density functional theory (DFT)
calculations provide compelling evidence for the robust electro-
chemical stability and OER activity of AE-ZIF (refer to Fig. 1a, mixed 2-
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Fig. 1| Structural characterization of Ligand-engineered ZIFs. a, b Schematic
diagram of the various ligands A-E mixed in LE-ZIFs (a) and unit cell of each LE-ZIFs
(b). c-e XRD patterns (c), ATR-IR (d) and 'H NMR spectroscopy (e) of A-ZIF, AB-ZIF,

AC-ZIF, AD-ZIF and AE-ZIF, more details in Figs. S1, S3 and S21-S25. All samples
were digested using d*-acetic acid and then tested by 'H NMR. The numbers in
Fig. 1e are for H at the corresponding positions on the ligand in Fig. 1a.
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aminobenzimidazole). This study opens up a feasible pathway to
enhance OER activity and stability by modulating the organic ligands in
the stabilized LE-ZIFs synthesis.

Results

Structural characterization of Ligand-engineered ZIFs
Single-ligand ZIF-67 (A-ZIF) is formed by the tetrahedral coordination
of cobalt ions with the ligand 2-methylimidazole (2-mIm, termed as A)
which creates a sodalite (SOD) structure. For the ligand-engineered
ZIFs (LE-ZIFs), we introduced four secondary ligands: 1H-Imidazol-2-
amine (NH,-mIm, B), Benzimidazole (blm, C), 2-methylbenzimidazole
(2-blm, D), and 2-aminobenzimidazole (NH,-blm, E). Each ligand was
mixed with the original ligand A using a microwave process to con-
struct the ZIF structures (Fig. 1a, b). The X-ray powder diffraction
(XRD) pattern and attenuated total reflection infra-red (ATR-IR) spec-
trum of A-ZIF match well with the previous literature reports®>*. The
XRD patterns of the LE-ZIFs also exhibit a close resemblance to those
of A-ZIF, indicating that the intrinsic structure is well-preserved and
exhibits high crystallinity (Figs. 1c and S1). The absence of secondary or
impurity phases implies that the ligand substitution occurred solely
within the framework. Note that the embedding of ligand B results in
structural distortion in AB-ZIF, which impacts the “optimal” particle
growth, e.g., an increase in particle size (as observed in scanning
electron microscopy, SEM, in Fig. S2).

ATR-IR spectra reveal the incorporation of secondary ligands
within the LE-ZIFs framework. All as-prepared ZIFs show the char-
acteristic band about 435cm™, which corresponds to the Co-N
oordination with ligand A. New bands between 472 and 505 cm™
orrespond to Co-Ng vibrations with the respective secondary ligands
(Figs. 1d and S3). The simultaneous presence of these two metal-ligand
vibrational modes confirms the successful incorporation of both
ligands in the LE-ZIFs framework.

N, physisorption at 77 K reveals that A-ZIF exhibits a high specific
surface area (1867.9m’g™) and a 1.2nm microporous structure
(0.655cm*g™ in Table S1). In comparison, the introduction of a sec-
ondary ligand has reduced the respective specific surface areas
(717.8-1092.9 m*g™) and pore volumes (0.365-0.489 cm®g™), while
preserving the microporous structure around 1.2 nm (Figs. S4 and S5).

'H nuclear magnetic resonance ("H NMR) spectrum of A-ZIF con-
‘= tains the expected features (peaks 1 and 2) corresponding to the
methyl group and imidazole. In addition, the spectra of LE-ZIFs (Fig. le)
exhibit new features (peaks 3-10) that correspond to the respective
secondary ligands B-E. Quantitative analysis of the ligand composition
by 'H NMR reveals that the actual ratios are as follows: ligand B at
51.2+1.6 mol%, ligand C at 41.4 + 0.4 mol%, ligand D at 39.0 + 0.7 mol%,
and ligand E at 36.9 +1.2 mol%. Their respective contents are in good
agreement with the nominal values (as detailed in Table S3), providing
further validation of the precision in ligand incorporation into the
LE-ZIFs.
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Electrocatalytic studies

For all electrocatalytic studies, as shown in Fig. S6a, the as-prepared
ZIFs were drop-cast onto fluorine-doped tin oxide (FTO) glass and used
as working electrodes in an aqueous 1M KOH solution, with the
potential referenced to the reversible hydrogen electrode (RHE). At a
high potential (0.85-1.55V), the CV plot of A-ZIF changes with
increasing cycle numbers and two distinct redox peaks appear deno-
ted as Rg;-al and Rg-A2 (Fig. 2a). The Rg;-al represents the electro-
oxidation process from Co*" to Co*" transition, while Rg A2 indicates
the Co™ to Co*" transition®. The presence of these signals indicates the
beginning of self-reconstruction, which intensifies with increasing CV
cycles”. After 50 cycles, the current density of A-ZIF reaches a max-
imum and then starts to decrease, indicating a partial degradation of
the framework, accompanied by the formation of oxygenated Co
species. This trend is somewhat delayed at medium potentials
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(0.85-1.30V). At low potentials (0.85-1.05V), A-ZIF shows typical
capacitive behaviour, with the current mainly originating from the
adsorption and release of hydroxide ions within the double-layer
capacitor (Fig. S6b-e). Other LE samples exhibit distinctly differences
CV plots; for instance, AB and AE only show signs of the Co* to Co*
transition, while the oxidation of Co* to Co*" seems to be suppressed,
which is closely related to their mixed secondary ligands (Fig. S7).

The quantitative analysis of the anodic peaks in the CV plots is
summarized in Figs. 2b and S8. Concerning the anodic peak (region 1),
the charges of Ry gagl reaches the highest value (0.047 mC) after 80
cycles, followed by Ry g.acl and R g.apl, While Rs; .41 remains the lowest.
This anodic charge corresponds to the number of electron-accessible
Co*" sites'. Additionally, the anodic peak positions generally shift
towards the higher potentials, indicating the transformation of Co*
species into more stable states. The final stabilization of Ry g.4gl at a
maximum of 1.329 V suggests that AE-ZIF requires a higher potential to
be electro-oxidation compared to the other ZIF samples. When using
electrochemical double-layer capacitance (Cy)) to reflect the electro-
chemical active surface area (ECSA, in Fig. S9), it is evident that after
100 CV cycles, the reduction in ECSA for AE-ZIF (8%) is less pronounced
compared to the significantly decrease observed for A-ZIF (48%). This
also indicates that AE-ZIF exhibits stronger resistance properties to
continuous electro-oxidation.

The variation trend of O, evolution rates and reaction parameters
during CV test is illustrated in Fig. 2c. Oxygen flow data are provided in
real-time by an in-situ oxygen flow detection configuration connected
to the electrolytic cell. For A-ZIF, the overpotential and Tafel
slope reach the minimum at 50 cycles and then increase, exhibiting an
inverted volcano-shaped curve. This implies that the optimal
OER activity of A-ZIF occurs at 50 cycles, and an additional CV cycle
leads to excessive structural reconstruction and degradation,
thus decreasing the performance. In contrast, AE-ZIF stabilizes its
overpotential and Tafel slope after 80 cycles, exhibiting higher elec-
trocatalytic activity and O, evolution rate. Compared to other LE
samples in Figs. S11 and S14, it can be inferred that AE-ZIF has the
highest OER activity and electrical conductivity, as discussed in
Supplementary Section S2.

According to the multistep potentiometry, samples A and AE
exhibit relative potential fluctuations at certain current densities due
to the reconstruction effects (Figs. 2d and S12a). Further combined
with CV analysis, applying potentials of 1.05, 1.35 and 1.65 V to detect
their time-dependent amperometry is reasonable (Fig. 2e and Fig.
S12b, c). Evidently, the current density rapidly increases within the
initial 2 h of OER, indicating rapid reconstruction of the ZIFs electrode,
consistent with the CV analysis results. Subsequently, the current
density and O, evolution rate of A-ZIF decrease continuously starting
after 2.5 h, indicating ongoing reconstruction, ultimately losing 35.4%
0, evolution rate after 12h at 1.65V. In contrast, the structural
reconstruction in AE-ZIF ceased after 2 h and maintained a more stable
current under constant potential or intermittent bias, exhibiting a
current density and O, evolution rate that were an order of magnitude
higher than those of A-ZIF (Fig. 2e and Fig. S13d).

Hence, combined with the collective insights from current den-
sity, O, evolution rate, conductivity, electrochemical impedance of
other LE samples (Figs. S7-15, refer to Supplementary Section S2), the
performance and structural reconstruction under electrocatalysis in
as-prepared ZIFs are confirmed. The conclusion drawn is that AE-ZIF
outperforms A-ZIF and other LE-ZIFs in both OER activity and elec-
trochemical stability, with the process of self-reconstruction being
effectively suppressed.

Structural evolution and reconstruction during electrocatalytic
reaction

Figure 3a shows the disappearance of Bragg peaks belonging to
sodalite-type ZIF-67 in the XRD pattern of A-ZIF within the CV cycles in
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The calculation data for the Tafel slope are from Fig. S10. d Multistep potentio-
metric plot of AE-ZIF at different current densities. e Amperometric and O, evo-
lution rate plots of A-ZIF and AE-ZIF at certain potentials of 1.65 V. All data were not
calibrated with the iR correction, and the measurements were performed only once
due continuous running.

the high potential window. At 50 CV cycles, additional peaks at 19.1°
and 38.0° appeared that correspond to the (001) and (101) planes of
Co(OH),*. Beyond 100 cycles, the Co(OH), peaks disappeared while
new diffractions arose at 19.9° and 39.1°, corresponding to the (003)
and (101) planes of CoOOH, respectively***. These changes are miti-
gated to some extent upon limiting the scanning range of the CV to
lower and medium potential windows.

In contrast, the well-defined XRD pattern of AE-ZIF was clearly
reserved up to about 100 CV cycles, even in the high potential win-
ow, indicating superior stability under all used electrocatalytic con-
itions. On the other hand, AB-ZIF exhibited the lowest stability,
characterized by complete amorphization (Fig. 3b). Samples AC and
AD were relatively stable, retaining the Bragg peaks of ZIF under a high
potential window. Note that AC-ZIF displays additional CoOOH peaks

p
d
d
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#  after 100 CV cycles, indicating a higher degree of electro-oxidation
= compared to AD and AE.
-g . The structural changes were investigated in more detail by 'H
4= 2 NMR. The spectra (Figs. S21-25) reveal that the ligand 2-mIm in A-ZIF
© & disappeared almost completely upon cycling, indicating substitution
— % of the original ligand. Conversely, AD and AE showed only a minor loss
i of secondary ligands of about 3-6 mol% (Table S3), the overall fra-
3 mework structure was largely preserved throughout the electro-
m:

chemical cycling. This is also evident in the ATR-IR spectra taken after
the reconstruction process, which still shows the stretching vibrations
from Co-N and 2-mIm ligands in AE-ZIF even after 100 CV cycles, while
they disappeared in A-ZIF after 50 cycles (Fig. S26).

Figure 3c, d summarize the results from X-ray photoelectron
spectroscopy (XPS) analysis of the as-prepared ZIFs before and after
electrocatalysis. The Co 2p;/, spectra of A-ZIF show two peaks before
the reaction, corresponding to Co*" coordinated to N on the ligand
(782.09 eV, red) and satellite peak (787.79 eV, blue)*"*s. After 100 CV
cycles in the medium or high potential ranges, a new distinct peak
appeared at 779.14 eV (green) typically ascribed to Co*" generated
from Co*" oxidation ****. For comparison, no significant evolution of
Co*" was observed in A-ZIF in the low potential window. Note that
electrochemical CV cycling induced a gradual decrease in the N/Co
atomic ratio of A-ZIF from 3.9 - 2.4 at low potential and to zero in
medium and high potential windows (Table S2). This supports the
aforementioned framework degradation of A-ZIF which starts with Co-
N cleavage at certain potentials. Concurrently, the N/O atomic ratio
also decreases from 0.5 to zero, which is explained by the substitution
of the 2-mIm ligand by hydroxide radicals (-OH) during the complete
reconstruction (CR) process. This is further supported by the vanish-
ing N Is signals corresponding to C-N (400.15eV, blue) and Co-N
(398.85 eV, red), respectively.

In contrast, samples AC, AD and AE show no apparent formation
of Co*, even in the high potential window. Moreover, both signals in
the N 1s region remained unaltered (Figs. 3d, S19 and S20). Notably,
the N/Co atomic ratio in AE-ZIF still decreased slightly from 4.5 to 3.6 at
high potential window (with low and medium potentials being negli-
gible). This suggests that the AE-ZIF electrode may undergo only par-
tial substitution processes, i.e. such as occurring in the surface
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Fig. 3 | Structure evolution of ZIFs after electrocatalysis. a XRD patterns of A-ZIF
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CV cycles at 0.85-1.55V. ¢, d Co 2ps, and N 1's of XPS spectra for A-ZIF (c) and AE-
ZIF (d) with 100 CV cycles at different potential window (Low: 0.85-1.05V, Medi:
0.85-1.30V, High: 0.85-1.55 V), for whole sample scan see Fig. S17.

reconstruction (SR) process rather than the no-reconstruction (NR)
process. The absence of new signals in the Co 2p;/, spectra may be
attributed to the incomplete detection caused by the low content of
oxygenated Co species in AE-ZIF after the SR process. As predicted, the
disappearance of XPS signals in AB-ZIF indicates the degradation of
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» framework structure (Fig. S18), as discussed in Supplementary
= Section S3.
-g . Transmission electron microscopy (TEM) and energy-dispersive
4= 2 spectrum (EDS) provide more insights into the structural reconstruc-
© & tion and elemental composition of each ZIF particles after 12h
o= % amperometry. In accordance with predictions from XRD and XPS
—— analysis, A-ZIF fails to maintain the dodecahedral morphology and
m E crystal structure post-reaction, as illustrated in Figs. S27 and S28. The

characteristic of Co(OH), and CoOOH, as confirmed by the bright

42,43

g morphology ultimately transforms into nanosheets with lattice fringes

spotting in the selected-area electron diffraction (SAED) pattern
The XRD pattern of post-reaction also confirms the presence of high-

valence cobalt oxides (Fig. S16). Elemental mapping through EDS
reveals a homogeneous distribution of Co and O elements within the
nanosheets as the dominant elements (Fig. S28d), confirming the
conversion into (oxy)hydroxide during amperometry.

In contrast, the TEM images of AE-ZIF pre- and post-reaction
clearly showcase the particles retain their typical dodecahedral mor-
phology. Importantly, after amperometry, the edges of the AE-ZIF
particle are no longer sharp, and the presence of a distinct thin layer
suggests the formation of a core-shell structure (Fig. 4a-e). Elemental
mapping reveals a noticeable decrease in N and C and a significant
increase in Co and O concentration in the shell region, contrasting the
homogeneous distribution of each element observed pre-reaction
(Fig. 4c and f). The bright spots in the corresponding selected-area fast
Fourier transform (FFT) patterns and lattice fringes further confirm the
crystalline characters of the outer layer as cobalt (oxy)hydroxide
(Figs. 4e and S30). These results suggest that in-situ reconstruction
occurs exclusively on the outermost surface of AE-ZIF, eventually
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Fig. 4 | Morphology evolution of AE-ZIF after electrocatalysis. a, d TEM images
of single-particle AE-ZIF before (a) and after 12 h amperometry (d). b, e Schematic
diagrams and enlarged TEM images of AE-ZIF edge before (b) and after 12h
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amperometry (e), the lower corresponding FFT patterns. ¢, f Elemental mapping of
single-particle AE-ZIF before (c) and after (f) 12 h amperometry showing the Co, O,
N and C distribution.

yielding a thin stable (oxy)hydroxide layer without affecting the core
structure. Morphological and elemental composition of other AC and
AD after the amperometry also reveals similar core-shell structures
through TEM and EDS analysis (Figs. S27-33, refer to Supplementary
Section S4).

The combined results clearly indicate that the in-situ formation of
a cobalt (oxy)hydroxide layer on the particle surface effectively sup-
presses the self-reconstruction process, contributing to the out-
standing electrochemical stability and OER activity in AE-ZIF.

In-situ electrochemical spectroscopy analysis
In-situ electrochemical UV-Vis absorption and Raman spectroscopy
was used to gain a clearer understanding of the underlying electro-
oxidation process. Similar to the electrocatalytic studies mentioned
above, a three-electrode configuration was employed for all electro-
chemical cells, with ZIFs drop-casted onto the working electrode using
the same approach (Figs. 5a and S34). The working electrode remains
an FTO glass to allow penetration of UV-Vis and fluorescence light,
enabling the reception of structural signals by the spectra receiver.
Figure 5b compares the UV-Vis absorption trends of A and AE
during 100 CV cycles, while the other LE samples are shown in
Fig. S35a-c. Sample A-ZIF exhibits a distinctive broad signal in the
#  500-650 nm range, which can be fitted to 539, 567 and 589 nm as spin-
orbital coupling triplet peaks, representing the transition of tetra-
hedral Co species from *A,(F) to *T,(P)*>. With increasing CV cycles, the
intensity of the triplet peaks in A-ZIF rapidly decreases at high poten-
tial window, completely disappearing after 40 cycles. This indicates
the degradation of the Co-(mlm), tetrahedral structure, which is
mitigated in the low and medium potential windows (Fig. S35d, e). The
broad signal associated with tetrahedral Co species in AE-ZIF remains
nearly unchanged, indicating higher electrochemical stability, con-
sistent with the conclusions drawn from our previous electrocatalytic
and ex-situ characterization analyses.
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In-situ electrochemical Raman spectroscopy provides further
sensitivity to unveil the reconstruction of as-prepared ZIFs during
electrochemical treatments. The characteristic peaks at 126 — 313 cm™
and 425cm™ are typically assigned to the vibrational modes of the
stretching vibrations of ligand 2-mIm and Co-N bonds within sodalite-
type ZIF-67 (Fig. 5¢)**~*¢. As the applied potential gradually increases,
the intensity of ligand signals in A-ZIF decreases and eventually dis-
appears at 1.40 V. Commencing from 1.20 V, new peaks appear at 498,
535,586 and 632 cm™, which can be assigned to the vibration modes of
Co(OH), and CoOOH, respectively’’*°. Furthermore, the peak at
801 cm™ can be attributed to surface-adsorbed ‘O-OH species by O-O
stretch®®. Subsequent to 1.55V, the peak intensity of Co(OH), nearly
disappears, while the CoOOOH peak remains unaltered, corresponding
to electro-oxidation process Co*->Co**>Co*" within A-ZIF derived
from previous experiments.

In contrast, AE-ZIF shows only weak peaks of Co(OH),
(498 cm™) and CoOOH (617 cm™) after 1.35V and, importantly, no
discernible changes of the inherent ligand signals. Note that the
CoOOH peak in AE-ZIF is comparatively weak and broad, indicating
its confinement to the surface of the particles, which also accounts
for the undetectability of Co* signal in XPS analysis. The appear-
ance of (oxy)hydroxide signals is thus related to the in-situ forma-
tion of a protective thin layer on the AE-ZIF surface during the SR
process, in line with the CV and TEM results (Figs. 2 and 4). The
decrease in peak intensity after 1.60V is attributed to the O, evo-
lution of gas bubbles on the FTO electrode surface, affecting the
signal reception of the Raman laser. Similarly, continuous CV tests
show the CR in A-ZIF starting at 20 cycles, whereas SR in AE-ZIF is
postponed, indicating mixed-ligand AE-ZIF has superior stability
(Fig. 5d). For other LE samples, the ligand signals are also well-
preserved in the AC and AD, whereas in AB-ZIF, they rapidly dis-
appear as the reaction progresses (Figs. S36 and S37, refer to Sup-
plementary Section S5).
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Fig. 5 | Structural reconstruction of as-prepared ZIFs by in-situ spectro-elec-
trochemical analysis. a Cell schematic diagram in the three-electrode configura-
tion of in-situ electrochemical Raman and UV-vis absorption spectroscopy. b In-
situ electrochemical UV-Vis absorption spectroscopy of A-ZIF and AE-ZIF with 100
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CV cycles at 0.85-1.55 V. ¢ In-situ electrochemical Raman spectroscopy and 2D
contour plots of A-ZIF and AE-ZIF at various applied potentials from 1.20 - 1.65 V.
d In-situ electrochemical Raman spectroscopy and 2D contour plots of A-ZIF and
AE-ZIF with 100 CV cycles at 0.85-1.55V.

Comprehensive analysis of photoelectrocatalytic activity, pho-
toluminescence, and band gaps
In the field of light-absorbing materials, Co-based ZIFs have garnered
attention for their inherent capability to absorb visible light. Inte-
grating electro- with photocatalysis, referred to as photoelec-
trocatalysis, presents a promising avenue for augmenting the OER
activity of ZIFs. Moreover, the imposition of an applied potential
serves as an effective strategy to prevent the recombination of pho-
togenerated electron-hole (e /h) pairs®. As anticipated, samples A and
AE demonstrate visible light photoelectrocatalytic capabilities; how-
ever, their current density and O, evolution rate have markedly dif-
ferent variation trends due to the reconstruction effect (Fig. 6).
Figure 6a illustrates the outcomes of in-situ electrochemical
photoluminescence (PL) analysis. The inherent PL peak of A-ZIF are
clearly blue-shifted from 566 to 482 nm after 40 CV cycles, showcasing
the phase transition by the CR process, consequently altering its
fluorescence properties®”. Similarly, the band gaps obtained through
UV-vis absorption spectroscopy and Mott-Schottky plots® exhibit a
consistent trend, increasing from 1.75eV at the beginning to 2.75eV
after 40 CV cycles accompanied by a significant gap widening (Fig. 6b
and Fig. S38). Current density and O, evolution rate both increase
upon visible light exposure at the early stages, but decrease after only

2 h, eventually (after 6 h) approaching values similar to those obtained
under dark conditions (Fig. 6¢). This phenomenon is clearly linked to
the CR process in A-ZIF during electrocatalysis, which leads to a loss of
the inherent visible light absorption capability along with an increase
in band gap.

In contrast, current density and O, evolution rate of AE-ZIF remain
highly stable upon illumination throughout 12 h amperometry, which
underlines that the impact of light exposure on the structural and
catalytic stability is negligible (Fig. 6¢). Notably, within the initial hour
of amperometry, the AE-ZIF even shows a rapid rise in efficiency during
in-situ formation of cobalt (oxy)hydroxide layer through the SR pro-
cess. Subsequently, the efficiency stabilizes before it eventually
experiences a comparatively small decrease of only 7.4% after 12 h.
Note that under illumination, AE-ZIF yields a stable current density of
16.3 A g™ and an O, evolution rate of 570.8 umol h, which is twice that
observed under dark conditions (Fig. 2e). The stable performance of
AE-ZIF in contrast to A-ZIF can further be linked to the band gap and PL
intensity, which experience only a small decrease from 1.35 to 1.21 eV,
as only surface reconstruction occurrs (Fig. 6d, e and Fig. S39). Sam-
ples AC and AD exhibit visible-light catalytic activity, whereas the AB-
ZIF has none, primarily attributed to an excessively wide band gap
(Figs. S38-45, refer to Supplementary Section S6).
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morphology and OER activity. Conversely, samples AC, AD and AE
# undergo the SR process within the initial 2 h reaction, forming a cobalt
(oxy)hydroxide layer on the outermost shell without compromising
the internal framework structure. This surface limitation preserves
2 their electrochemical stability during 12 h amperometry, as well as
their optoelectronic properties and band gap. Among these samples,
AE-ZIF demonstrated the highest OER performance and stability.

To elucidate the fundamental reasons for the activity-stability
differences among various LE-ZIFs in electrocatalysis, density func-
tional theory (DFT) calculations were performed using optimized
models with about 30% mixed-ligands (Fig. 7a). The density of states
(DOS) for LE-ZIF models in Fig. 7b reveal that the upper spins of AC, AD
and AE are closer to the Fermi level compared to A and AB, indicating
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S & nanosheets in A-ZIF and an amorphous phase in AB-ZIF. This is conductivity****. Furthermore, the energy difference (AE) between &,
@ 2 accompanied by a considerable change in surface area, band gap, (Co band center) and &, (N band center) of AE-ZIF is the lowest at
e

1.33 eV, followed by AD-ZIF at 1.45 eV, while AB-ZIF exhibits the highest
at 4.56 eV (Fig. S51 and Table S4). According to previous studies™*®,
this suggests that the Co-N in AE-ZIF has the strongest orbital hybri-
dization and greatest covalency, facilitating electron transfer between
Co and N atoms. Similarly, the additional electron adsorption of the
-NH, group in ligand E also contributes favourably to electrocatalytic
reaction, and thereby improving the overall OER performance™**,
Further DFT calculations were performed by connecting ligands A
and E into the CoOOH model. The charge density difference diagramin
Fig. 7c shows that ligand E exhibits a more concentrated electron
density at the Co-N-O interface compared to original ligand A. More-
over, the Gibbs free energy was also calculated for each elementary
step for OER, using the adsorbate evolution mechanism (AEM). Upon
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free energy calculation steps are provided in Figs. S46-54, Supplementary Data 1,
and Supplementary Data 2. e, f Schematic diagram of the complete reconstruction
mechanism (e) and surface reconstruction mechanism (f) in (photo)electrocatalytic
reaction.

incorporating ligand E, the energy barrier for the rate-determining step
(RDS, O* oxidized to OOH*) of CoOOOH model decreases from 2.02 eV
to 1.74 eV, lower than ligand A at 1.91eV (Fig. 7d and Fig. S54). This
implies there is likely a synergistic interaction between the ligand E and
CoOOH at the reconstructed interface. In summary, the ligand E mixed
in AE-ZIF probably play a vital role enhancing OER activity, featuring
both additional -NH, groups and mt-t stacking aromatic carbon rings,
which provide superior electronic absorption and transfer capabilities
compared to ligands B, C and D.

Figure 7e shows a schematic representation of the CR mechanism
as occurring in A and AB. Upon weakening of the ligand coordination,
the Co species either leach into the solution or directly react with OH"
ions from the alkaline electrolyte to form (oxy)hydroxide compounds.
This phase transition process is associated with changes in morphol-
ogy and surface chemistry that result in a complete loss of porosity as
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well as a decrease in the number of available active sites and, conse-
quently, activity towards electrocatalytic OER. Moreover, this conver-
sion leads to an increase in band gap and, thus, a loss of ability to
absorb visible light.

On the other hand, the SR mechanism inherent to AC, AD and AE is
depicted in Fig. 7f. Here, the framework structure is largely preserved
due to the stronger ligand-metal coordination due to the added sec-
ondary ligand, as represented by lower potential energies. Therefore,
the phase transformation to CoOOH is confined to a thin layer on the
particles surface (Fig. 4e). After 2 h, the activity tends to stabilize, indi-
cating the establishment of a stable protective core-shell structure, with
the inner layer as the core retaining the inherent framework structure.
Outer (oxy)hydroxide layer enables to maintain the electrode durability
during electrocatalysis in alkaline environment, enhancing conductivity
and promoting electron transport under large current density***.
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Discussion

In summary, we have constructed a series of mixed-ligand ZIF catalysts
through ligand engineering to investigate the (photo)electrocatalytic
OER mechanisms in alkaline environments. Among these catalysts, AE-
ZIF engineered with ligand 2-aminobenzimidazole, showcased elec-
trocatalytic activity that was an order of magnitude higher than the
single-ligand A-ZIF, with an 8-fold increase in current density and a
7-fold increase in O, evolution rate. Similarly, the same behaviour was
observed in photoelectrocatalysis, with performance of AE-ZIF under
visible light about doubling compared to dark conditions.

Incorporating the secondary ligand, particularly in AE-ZIF, sig-
nificantly enhances the structural robustness in (photo)electro-
catalytic cases, maintaining electrochemical stability for at least 12 h
compared to the degradation observed in single-ligand A-ZIF after only
2h. Advanced electrochemical techniques, including in-situ UV-vis
absorption, Raman and Photoluminescence spectroscopy, reveal a
complete mechanism induced by the addition of a secondary ligand.

Samples A-ZIF and AB-ZIF undergo complete reconstruction
leading to the formation of additional phases, i.e. (oxy)hydroxide
nanosheets and an amorphous phase, resulting in significant loss of
porosity, electrical conductivity and visible light absorption cap-
abilities. In contrast, mixing a secondary ligand with -1t stacking
aromatic carbon rings, i.e AC-ZIF, AD-ZIF and AE-ZIF, largely preserved
the inherent framework structure and porosity, forming a thin stable
i~ (oxy)hydroxide layer on the particle surface. This outer layer effec-
tively protected and passivated the ZIF framework, by creating a more
stable core-shell structure.

Theoretical calculations further underscored the synergistic
effect between the secondary ligand and the (oxy)hydroxide layer,
which likely accelerates electron transfer and reduce Gibbs free
energy, ultimately enhancing overall OER activity. Additionally,
the unique functional groups (aromatic carbon ring and amino group)
in the secondary ligands can improve the electronic conductivity and
strengthened the Co-N covalency. This mixed-ligand engineering has
achieved notable enhancements and offers a feasible pathway for
designing more active and stable ZIFs, extending applications beyond
electro- and photoelectrocatalysis.

U Wien Bibliothek.

Methods

Chemicals

Cobalt nitrate hexahydrate (Co(NO3),:6H,0, 99%, STREM),
2-methylimidazole (2-mIm, C4HgN,, 99%, Sigma-Aldrich), 1H-Imidazol-
2-amine (NH,-mIm, C3HsN3;, 97%, BLD pharm), Benzimidazole (blm,
C;HgN,, 98%, Sigma-Aldrich), 2-methylbenzimidazole (2-blm, CgHgN,,
98%, abcr GmbH), 2-aminobenzimidazole (NH,-blm, C;H;N3;, 97%,
Sigma-Aldrich), Methanol (MeOH, 99.9%, HiPerSolv CHROMANORM,
VWR), Postassium hydroxide (KOH, 85%, Sigma-Aldrich), Nafion™
perfluorinated resin solution (nafion, 5 wt.%, Sigma-Aldrich), d4-acetic
acid for NMR (CD5CO,D, 99.4%, Thermo scientific).
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& A-ZIF
o @ 2g of 2-mIm was dissolved in 10 ml of HPLC methanol, while 0.87 g of
O F Co(NO;)»6H,0 was dissolved in 10 ml of HPLC methanol. The two
# solutions were then mixed in microwave synthesis reactor (Monowave
300, Anton Paar), at 150 °C for 2 h to accelerate the growth of A-ZIF
crystals. After being allowed to deposit for 24 h, the powder was cen-
trifuged, washed three times with methanol and DI water, and then
acuum dried in an oven overnight, resulting in a purple A-ZIF powder.
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AB-ZIF

1g of NH,-mIm and 1g of 2-mIm were mixed into 10 ml of HPLC-grade
methanol. The solution was placed into a microwave synthesis reactor
(Monowave 300, Anton Paar) and heated to 100 °C for 30 min to
ensure even mixing and dissolution of the ligands. Meanwhile, 0.87 g
of Co(NO3),'6H,0 was dissolved in 10 ml of HPLC-grade methanol,
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sonicated for 10 min, and stirred for 30 min. The two solutions were
then combined and heated in the microwave synthesis reactor at
150 °C for 2 h to accelerate the growth of ZIF crystals. After 24 h of
deposition, the resulting powder was centrifuged and washed three
times with methanol and deionized water. Finally, AB-ZIF was obtained
by vacuum drying overnight.

AC-ZIF

1g of bim and 1g of 2-mIm were mixed into 10 ml of HPLC-grade
methanol. The solution was placed into a microwave synthesis reactor
(Monowave 300, Anton Paar) and heated to 100 °C for 30 min to
ensure even mixing and dissolution of the ligands. Meanwhile, 0.87 g
of Co(NO3),:6H,0 was dissolved in 10 ml of HPLC-grade methanol,
sonicated for 10 min, and stirred for 30 min. The two solutions were
then combined and heated in the microwave synthesis reactor at
150 °C for 2 h to accelerate the growth of ZIF crystals. After 24 h of
deposition, the resulting powder was centrifuged and washed three
times with methanol and deionized water. Finally, AC-ZIF was obtained
by vacuum drying overnight.

AD-ZIF

1g of 2-blm and 1g of 2-mIm were mixed into 10 ml of HPLC-grade
methanol. The solution was placed into a microwave synthesis reactor
(Monowave 300, Anton Paar) and heated to 100 °C for 30 min to
ensure even mixing and dissolution of the ligands. Meanwhile, 0.87 g
of Co(NO3),:6H,0 was dissolved in 10 ml of HPLC-grade methanol,
sonicated for 10 min, and stirred for 30 min. The two solutions were
then combined and heated in the microwave synthesis reactor at
150 °C for 2 h to accelerate the growth of ZIF crystals. After 24 h of
deposition, the resulting powder was centrifuged and washed three
times with methanol and deionized water. Finally, AD-ZIF was obtained
by vacuum drying overnight.

AE-ZIF

1g of NH,-blm and 1g of 2-mIm were mixed into 10 ml of HPLC-grade
methanol. The solution was placed into a microwave synthesis reactor
(Monowave 300, Anton Paar) and heated to 100 °C for 30 min to
ensure even mixing and dissolution of the ligands. Meanwhile, 0.87 g
of Co(NO3),-6H,0 was dissolved in 10 ml of HPLC-grade methanol,
sonicated for 10 min, and stirred for 30 min. The two solutions were
then combined and heated in the microwave synthesis reactor at
150 °C for 2 h to accelerate the growth of ZIF crystals. After 24 h of
deposition, the resulting powder was centrifuged and washed three
times with methanol and deionized water. Finally, AE-ZIF was obtained
by vacuum drying overnight.

ZIF@FTO glass electrode

The ZIF powders are prepared by drop-casting onto the fluorine-doped
tin oxide (FTO) glass surface. To prepare the mixture, 3 mg of the ZIF
samples are combined with 280 ul of HPLC methanol and 20 ul of
nafion solution, and the mixture is sonicated for 30 min. Subsequently,
the mixed solution is dropped onto the surface of the three FTO glass
(1cm x cm). This entire process is repeated to obtain three ZIF@FTO
electrodes. Finally, the ZIF@FTO electrodes are placed in a vacuum
oven and dried overnight. The same procedure is applied to prepare
electrodes for each ZIF@FTO sample.

Material characterizations

X-ray diffraction (XRD) were carried out using a PANalytical X'Pert Pro
multi-purpose diffractometer (MPD) with Bragg Brentano geometry,
equipped with a Cu anode at 45 kV and 40 mA, a BBHD Mirror, and an
X-Celerator multichannel detector®®. X-ray photoelectron spectro-
scopy were carried out using a custom-built SPECS XPS spectrometer,
featuring a monochromatized Al-Ka X-ray source (uFocus 350) and a
hemispherical WAL-150 analyzer (acceptance angle: 60°)°". The high-
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resolution transmission electron microscopy (TEM) images presented
in this paper were acquired on a Tecnai F20 FEG-TEM at USTEM (uni-
versity service center for transmission electron microscopy) at TU
Wien, equipped with an X-FEG, a Gatan Riol6 CCD-camera, a Gatan
DigiSTEM Il with HAADF detector for STEM imaging, and an EDAX-
AMETEK Apollo XLTW SDD EDX-detector. Liquid phase Nuclear mag-
netic resonance spectroscopy (NMR) was conducted using a Bruker
ADVANCE 250 (250.13MHz) instrument, equipped with a 5mm
inverse-broad probe head and z-gradient unit®.

In-situ electrochemical Raman spectroscopy was performed
with a HORIBA LabRAM spectrometer with a 532 nm laser, in-situ elec-
trochemical UV-Vis absorption spectroscopy was obtained at
350-700nm by Jasco V-670, and in-situ electrochemical Photo-
luminescence spectroscopy was carried out with a PicoQuant FluoTime
300 spectrophotometer®®. All in-situ measurement were conducted
within a three-electrode configuration, with the working electrode
securely positioned in a specialized electrolytic cell. For more char-
acterization details as described in the Supplementary Section S8.

Photo)electrochemical measurements
otentiostats (Autolab AUT85726 and CHI 760E) are used to perform
all electrochemical experiments in a three-electrode configuration.
Electrocatalytic cell used in the experiments was a 231 mL sourced from
PerfectLight, Ltd. A saturated Ag/AgCl serving as the reference elec-
trode, and a Pt electrode serves as the counter electrode; both are
sourced from Gaoss Union, Ltd. 1M KOH solution is used as the elec-
trolyte (pH13.721+0.01), prepared by dissolving an appropriate
amount of potassium hydroxide in deionized water, then saturated it
with nitrogen gas and stored it at room temperature. The working
electrode consists of ZIF@FTO glass, including all in-situ electro-
chemical measurements. The potential is converted to the reversible
hydrogen electrode (RHE) using the Nernst equation: Egyr=Eag/ag/ci
+ 0.21+ 0.059 x pH. Cyclic voltammetry (CV) cycles are tested at a scan
rate of 10 mV s’ Three potential windows are selected: a low potential
window of 0.85-1.05 V, a medium potential window of 0.85-1.30 V, and
a high potential window of 0.85-1.55V (vs. RHE). Electrochemical
impedance spectroscopy (EIS) is measured with a frequency range
from 10° - 0.1 Hz. All data are not calibrated with the iR correction.

Conversion formula for the current density unit of each samples
fromA g’ tomAcmis:3.33 Ag™ =10 mA cm Using this formula, the
overpotential for AE-ZIF at 10 mA cm™is 0.3 V, while A-ZIF only reaches
2 mA cm™ at the same potential.

In-situ O, flow detection configuration was employed an argon
gas to continuously purge the cell reactor (same cell as electro-
catalysis) at a flow rate of 30 mL min’, delivering O, to the X-stream
analyzer (Emerson Process Management). The O, concentrations
(ppm) measured in the stream is converted to the O, evolution rate
(umol h™) by the ideal gas equation.

Photoelectrocatalytic experiments were performed using visible
light (400-700 nm, 2.36 W) from SUPERLITE SUV-DC-E (Lumatec) as a
visible light source.

Electrochemical surface area (ECSA) is directly proportional to its
electrochemical double-layer capacitance according to the following
equation: ECSA = Cy/C;, where C; is the specific capacitance of the
sample, 1M KOH is usually taken with Cs assumed to be 0.04 mF
cm?2, Cy is the electrochemical double-layer capacitance of the
sample, estimated according to the above CV curves of the non-
Faraday region®.

Electrical resistance of each ZIF@FTO samples were estimated
using a two-probe measurement method with the probes positioned
primarily on the FTO glass. The conversion equation for electrical
conductivity (o) and resistance (R) is 0= l[/RA, where [ is the thickness of
the ZIFs, and A is the area covered by the ZIFs®*.

Reference electrode preparation and calibration, first the silver
wire was ground using 240-grit SiC sandpaper, then rinsed with

'U"‘
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deionized water, and dipped into a 1M HCI solution. The electro-
chemical deposition of AgCl was then conducted with the following
setup: CV test with a scan from 0.7 to 0.2 V (vs. Ag/AgCl/3 M KClI) for 10
cycles, followed by amperometry at 0.3 V for 2 min, and another test at
0.7V for 15 min.

Calculation of band gap, LUMO, and HUMO
Band gap was calculated with the equation proposed by Tauc/Davis
and Mott et al.:

(ahv)"’" = Athv — E)

Where a is absorbance index, h is Planck’s constant, v is the frequency,
A is a constant, Eg is the semiconductor band gap, and n is related to
the related to band gap type (n =1/2 for direct band gap and n=2 for
indirect band gap)*.

Flat band potential was calculated with the following equation:

1, <A(DSC - RT/F)
c% qgesoN

Where C, is the charge capacitance, A® is the absolute value of
difference between the electrode potential and the flat band potential,
¢ is the relative dielectric constant, &, is the vacuum dielectric con-
stant, N is the donor (for n-type semiconductor) or acceptor (for
p-type semiconductor) density*’. The flat band potential, determined
as the point where the tangent of the Mott-Schottky plot intersects the
horizontal axis, is about equal to the position of the lowest unoccupied
molecular orbital (LUMO) potential for ZIFs, which behave similarly to
n-type semiconductors®. Highest occupied molecular orbital (HOMO)
potential can be then calculated based on the known LUMO potential
and their band gap.

Density functional theory (DFT) calculations
All calculations were conducted using Vienna ab initio program package
(VASP)“. Electron exchange and correlation effects were described
using the Perdew-Burke-Ernzerhof (PBE) functional®’, which is part of
the generalized gradient approximation (GGA) method®®. The projector
augmented wave (PAW) approach was employed to describe the inter-
action between electrons and ions, with spin polarization taken into
account. A plane-wave cutoff energy of 500 eV was applied. A (3x3 x1)
k-point mesh was used for k-space integration in ligand binding to
cobalt hydroxide structure relaxations. For the structure relaxation of
MOF structures with different ligands, a (1x1x1) k-point mesh was
used, while a (4 x 4 x 4) k-point mesh was applied for DOS calculation.
The conjugate-gradient algorithm was used to relax the ions into their
instantaneous ground state. All structures were fully relaxed with energy
and force convergences of <1x10eV and 0.03 eV A, respectively.
For the calculation of OER free energy diagram, a vacuum layer of
20 A was set to mitigate the influence of crystal periodicity. The widely
accepted method to model the OER process involves a four-electron
reaction pathway:

H,0+* - OH*+H" +e~
OH* - O*+H" +e”

H,0+0* — OOH*+H" +e~
OOH* —

*+0,+H" +e”

where * represents an active site on the bare catalyst surface, while
OH*, 0%, and OOH* denote different intermediates®.
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For each elementary step, the Gibbs free energy AG; (i=1, 2, 3, 4)

can be calculated as:

AG;=AEF + AZPE-TAS

where AFE is the total energy difference between the reactant and
product molecules in the four steps, AZPE is the change in zero-point
energy, and TAS is the contribution of entropy”’.

Data availability

All data supporting the findings of this study are available within the
article and its Supplementary Information file, as well as available from
the corresponding author upon reasonable request. Source data are
provided with this paper.
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S1. Structural characterization of LE-ZIFs

The XRD patterns of LE-ZIFs, incorporating various secondary ligands, exhibit well-
maintained crystallinity with Bragg peaks corresponding to A-ZIF (ZIF-67 in Fig. Sla). The
introduction of secondary ligands occurred in a one-to-one weight ratio during the synthesis process,
i.e., the stations have a 50 wt.%. However, due to competitive coordination among ligands, the
actual content of the secondary ligand deviates from the nominal values, as detailed in the "H NMR
analysis (Table S3). A comparison of the XRD patterns of as-prepared ZIFs reveals that the impact
of different ligands on the positions of the (011)/(112) peaks is not significant in LE-ZIFs compared
to the single-ligand ZIF-67 (Fig. S1b). The SEM images of as-prepared ZIFs exhibit typical ZIF-
67 morphology, characterized by dodecahedral particles (Fig. S2). With the exception of a size
increase in AB-ZIF, the particle sizes of other LE samples closely resemble those of A-ZIF, around
350 nm.

In the ATR-IR spectra of as-prepared ZIFs, distinct from A-ZIF, the incorporation of secondary
ligands results in the appearance of new bands in the range of 472 to 505 cm™ (Fig. S3). These
bands are located at 472 cm™' (B), 461 cm™! (C), 499 cm™! (D), and 505 cm™' (E), respectively,
closely resembling the Co-N, band (435 cm™) of the original ligand (A). Based on the conclusions
drawn from previous reports on mixed-ligand ZIFs ¥ %3, these new bands are attributed to the
bonding of the secondary ligands with metal ions, referred to herein as Co-Np. The emergence of
the Co-Np bands signify the achievement of ligand substitution process through the successful
integration of the secondary ligands into the ZIF-67 framework. Influence by the secondary ligands,
the LE-ZIFs exhibit notable differences in the imidazole ring stretching region (700 to 1500 cm™)
compared to A-ZIF.

Through N2 physisorption at 77 K, as-prepared ZIFs exhibit type-I isotherms, characteristic
of typical microporous materials (Fig. S4). Utilizing nonlocal density functional theory (NLDFT),
we observed that the distinct peak centered at 1.2 nm, representative of intrinsic micropores, is
largely preserved independent of the initial ligand mixing. Interestingly, samples AC and AD
exhibit additional pores in the range from 2 to 20 nm (Fig. S5), possibly influenced by incorporation
of secondary ligands, a phenomenon commonly observed in previous literature **. However, their
micropore volume still predominates in total pore distribution. Compared to A-ZIF (2291.3m?> g ),
other LE-ZIFs exhibit varying degrees of decrease in Brunauer-Emmett-Teller (BET) specific
surface area due to the disorder and bond stretching caused by the secondary ligands >¢. Specifically,
AB-ZIF has a surface area of 1092.9 m? g !, AC-ZIF has 717.8 m* g !, AD-ZIF has 860.6 m? g,
and AE-ZIF has 807.7 m* g ' (Table S1).
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Fig. S1. a, XRD patterns of A-ZIF, AB-ZIF, AC-ZIF, AD-ZIF and AE-ZIF. b, Evolution plots of

(011)/(112) peak position in A-ZIF, AB-ZIF, AC-ZIF, AD-ZIF and AE-ZIF.
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Fig. S2. SEM images of A-ZIF (a), AB-ZIF (b), AC-ZIF (c¢), AD-ZIF (d) and AE-ZIF (e). An
Imagel program was used to select 30 particles for particle size statistics from each sample.

155



AE-ZIF

Wave number (cm™)

AD-ZIF
A-ZIF

AC-ZIF

4000 3600 3200 2800 2400 2000 1600 1200 800 400

(¢,) @ouepiwisuel |
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Table S1. Specific surface area and porosity parameters of as-prepared ZIFs.

Specific Total Micropore Total
Samples surface area® Pore Volume Volume® Area in Pores
(m’g™ (em’g™) (cm’g™) (m’g™
A-ZIF 1867.9 0.655 0.647 1977.7
AB-ZIF 1092.9 0.489 0.424 1571.2
AC-ZIF 717.8 0.456 0.213 902.5
AD-ZIF 860.6 0.482 0.292 1214.8
AE-ZIF 891.3 0.365 0.320 1236.0

? Brunauer-Emmett-Teller specific surface area.

® Cumulative adsorption volume of micropores from 0 to 2 nm in diameter in diameter according to
International Union of Pure and Applied Chemistry (IUPAC) ’.
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S2. Electrocatalytic studies

The following potentials are all referenced to the reversible hydrogen electrode (RHE). As
shown in Fig. S7a, AB-ZIF exhibits a continuous decrease from the beginning of the CV cycles
until stabilizing at 20 cycles. Similarly, the charge of RiLe-as1 rapidly decreases within the first 10
CV cycles, suggesting that the framework structure of AB-ZIF had been completely degraded (Fig.
S8b). The CR process of AB-ZIF at low CV cycles leads to a rapid increase in the overpotential
and Tafel slope of unstable AB-ZIF within the first 20 cycles (Fig. S11a), indicating a quickly
response of its electrocatalytic rate to potential changes ®. All these findings collectively indicate
the poor stability of AB-ZIF in electrocatalytic reaction.

After 60 CV cycles, the current density of AC-ZIF slightly decreases, and its overpotential
exhibits an inverted volcano-shaped curve, decreasing initially and then increasing (Figs. S7b and
S11b). In contrast, the current density, overpotential, and Tafel slope of AD-ZIF show no significant
changes after 80 CV cycles, remaining relatively stable (Figs. S7c and S11c¢). These observations
indicate that AC-ZIF is more strongly influenced by the electro-oxidation process compared to AD-
ZIF during electrocatalysis.

Since electrochemically active surface area (ECSA) is directly proportional to the
electrochemical double-layer capacitance (Car), which was estimated based on the non-Faradaic

I: see Fig.

region of the cyclic voltammetry (CV) curves at different scan rates (20 to 100 mV s~
S9a-e). As shown in Figs. S9¢ and S9f, before the electrocatalytic activation, A-ZIF and AE-ZIF
exhibited similar ECSA values of 64.25 cm™ and 78.00 cm 2, respectively. However, after 100
cycles, the ECSA of A-ZIF decreased significantly to 33.25 cm ™ due to its own complete
reconstruction, representing a reduction of about 48%. In contrast, AE-ZIF, which experienced only
surface reconstruction, maintained a high ECSA value of 71.50 cm 2, showing a minor decrease of
8%. These conclusions are consistent with our TEM analysis of the two samples. The degradation
of the surface area of the AE-ZIF particles caused by the 5 nm thick cobalt (oxy)hydroxide layer
(Fig. 4) corresponds exactly to a decrease of 8% ECSA, while the decrease of 48% ECSA for A-
ZIF corresponding to the transformation of particles into nanosheets.

In a 12-hour amperometry at 1.65V, sample AB exhibits severe current fluctuations (Fig. S13a).
Its current density significantly decreases within the initial 2 hours, while the O2 evolution rate
initially increases before declining and final loss of 79.8%, consistent with the conclusions in the
CV analysis. AC-ZIF loses 21.4% of the Oz evolution rate after 12 hours, indicating poorer stability
than AD and AE (Fig. S13b). The current density trend of AD-ZIF is similar to AE-ZIF, rapidly
increasing in the initial 2 hours and then stabilizing (Fig. S13c). This indicates that their electrodes

only undergo rapid reconstruction in the initial 2 hours, and have higher stability in electrochemical
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performance compared to other ZIF samples. However, both AC and AD do not perform as well as
AE-ZIF, exhibiting only about one- eighth of the performance in terms of current density and O2
evolution rate.

Under intermittent biased conditions, after stopping and restarting the application of 1.65 'V,
the current density and O2 evolution rate of AE-ZIF quickly returned to their original levels and
remained stable (Fig. S13d). Unlike the initial three hours, AE-ZIF did not exhibit a gradual
increase in current density due to surface reconstruction again, indicating that AE-ZIF formed a
stable cobalt (oxy)hydroxide layer within the first two hours. This layer effectively inhibited further
electro-oxidation process, achieving in a structurally stable state.

The electrical conductivity of each ZIF@FTO glass was evaluated using the two-probe
method, where the initial conductivity of AC, AD and AE surpass that of A and AB. This
improvement can be attributed to the incorporation of m-m stacking aromatic carbon rings in the
secondary ligands (C, blm; D, 2-blm; E, NH2-bIm), which function as additional conductive
pathway, effectively facilitating electron transfer °. With the increase in the number of CV cycles
at high potential window, the electrical conductivity for each ZIF@FTO exhibit discernible changes
and closely mirroring with the trends in current density, indicating a strong correlation between
OER activity and conductivity (Fig. S14). Apart from AB-ZIF, other ZIFs show varying degrees of
conductivity increase, typically attributed to the formation of high-valence Co species and ligand
shedding. Sample AE-ZIF@FTO exhibits the highest electrical conductivity among other LE
samples, reaching approximately —1.0 (log S/cm) after CV cycles. On the other hand, the trends in
electrochemical impedance spectroscopy (EIS) are less pronounced in the CV cycles, as illustrated

in Fig. S15.
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Fig. S6. a, Experimental setup for a standard three-electrode configuration used in electrocatalytic

11
161



measurements. b, ¢, Continuous cyclic voltammograms at low potential window between 0.85 to

1.05 V of A-ZIF (b) and AE-ZIF (¢). d, e, At medium potential window between 0.85 to 1.30 V of

A-ZIF (d) and AE-ZIF (e).
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S3. Structure evolution after electrocatalytic reaction

After 12-hour amperometry, except for an additional peak of Co(OH)2 which appeared at 19.1°,
the XRD patterns of AD and AE remain unchanged compared to before electrocatalysis (Fig. S16).
This observation suggests that even under extended exposure to high potentials (1.65 V), AD and
AE can preserve the inherent crystallinity of ZIF-67 well. The relatively low intensity of the
additional Co(OH):2 peak can be attributed to a cobalt (oxy)hydroxide layer constructed by surface
reconstruction (Fig. 4). For other ZIF samples, the XRD patterns of A, AC and AB were consistent
with the results after their respective CV tests.

In XPS analysis of AC and AD, no discernible signal indicative of Co®" formation through
electro-oxidation was detected during the high potential CV cycles. Moreover, two signals
corresponding to Co-N (red) and C-N (blue) were retained in the N /s spectra '°, as depicted in
Figs. S19 and S20. The N/Co ratio in AC and AD has still decreased slightly, from 6.63 and 5.51
(base) to 4.93 and 3.45 (high potential in Table S2). Conversely, the complete absence of the Co 2p
and N /s signals observed in AB-ZIF after electrocatalysis suggests the degradation of the
framework structure (Fig. S18). This degradation is further evidenced by a significant decrease in
the N/Co ratio, dropping from 3.83 (base) to 1.26 (high) under high potential window.

Quantitative analysis of 'TH NMR spectra before and after 100 CV cycles revealed the absence
of the ligand NH2-mIm in AB-ZIF, consistent with the results from XRD and XPS. The actual ratio
of ligand blm in AC-ZIF, increases from 41.4 mol% to 60.2 mol% (Table S3), indicating the

detachment of the original ligands and the electro-oxidation of some Co species to higher valences.
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Fig. S17. XPS survey spectra of A-ZIF, AE-ZIF (a) and AB-ZIF, AC-ZIF, AD-ZIF (b) with 100 CV
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Elemental Fluorine was obtained from the Nafion solution in the synthetic electrode.

24
174



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Co 2p;), N Is

Intensity (arb. units)
(spun -qae) Ayisuajuj

810 800 790 780 770 405 402 399 396
Binding Energy (eV) Binding Energy (eV)

Fig. S18. Co 2p32 and N Is of XPS spectra of AB-ZIF with 100 CV cycles at high potential window
(0.85-1.55 V).
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Fig. S19. Co 2p32 and N Is of XPS spectra of AC-ZIF with 100 CV cycles at high potential window

(0.85-1.55 V).
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Fig. S20. Co 2p32 and N s of XPS spectra of AD-ZIF with 100 CV cycles at high potential window
(0.85-1.55 V).
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Table S2. Cobalt, nitrogen and oxygen atomic ratios by XPS spectra.

Co 2p° N Is O Is

Sample® N/Co N/O

(At.%) (At.%) (At.%)
A-ZIF Base 2.0 7.8 14.7 3.9 0.5
A-ZIF Low 2.8 6.5 14.6 2.4 0.4
A-ZIF_Medi 3.3 0.0 27.6 0.0 0.0
A-ZIF High 23 0.0 29.8 0.0 0.0
AB-ZIF Base 2.8 10.9 26.2 3.8 0.4
AB-ZIF High 0.6 0.7 28.2 1.3 0.0
AC-ZIF Base 1.2 7.6 13.6 6.6 0.6
AC-ZIF High 1.4 7.1 143 4.9 0.5
AD-ZIF Base 1.4 7.8 16.2 5.5 0.5
AD-ZIF High 1.6 5.5 23.0 3.5 0.2
AE-ZIF Base 2.6 11.6 22.4 4.5 0.5
AE-ZIF_High 2.6 9.4 19.1 3.6 0.5

? Base means the sample before electrocatalysis. Low, medium, and high correspond to samples with 100
CV cycles at different potential window (Low: 0.85-1.05 V, Medi: 0.85-1.30 V, High: 0.85-1.55 V).
b All atomic ratios were determined by XPS spectroscopy in Fig. S17.

28
178



= =
u_ ..... P %
R N - S .- IR~ S
M = y ) - L Q
9z - = ) - g
|||||||||||||||||||||||||| o ]
||||||||||| o 3 R
S s
2 T €
= S
o
= 2 o
5 M S
o S
R = <
> S
Q S
n S O ~
= 23
— oo
= o . A
a L& 2T
ra < E R
e NS
Zz ™ K D
* g N g
= T 3
1B < %
25 ~ Q
65 > N>
° i
n v ~
s s
Q 2
5 S0
~ o
R E < =
||||||||||||||||||||||| TTTTTTTTTITTTTY Z_ J\W m
.__\ 0 <+ m" A lﬂ% rm
[} L [ @ gey —— = =
ol m op L — ﬁn /€L | o 9874 |u|w.“-m R Ac m
a... |||||||||||||||||||||||||||||||||| |l w A_
N § <
=
W > Ha M ~ M S
b= Q o ~ g 2
= 2 e 0 SN
Nl 0w \n SIS
_ _ \u M — N
L Z o S
L L T8 o =
N N T % S
N N N =3 =
_ < < e ~. 2 =
< a2 T oo
(suun “que) Aususu| w_b = S M
~ B < 3

aylolqgig us NL e uud ul a|gejrene si sIsa BJl0]00p S 0 UoIslJaA [eulblio panoidde ay
Y{ylol|q q y P Siy1} ISI9A [euUlDIIO PBA
' i I 9|qejrene si S| 1 [el0} o) _
: __H ___ Id _\</_\</ Hn_u 1 18I ireu _D 1 _ _ J >_ _ CO ] 1 1 H
.‘_mﬁdstm; Y=aylol|gig usiph NL 19P ue 1SI uolelisss 9Salp uoISianjeu ) S1) [olf Umm 9113aIq0. dde ai(

qny a8pajmoud| JNoA

Sraylolqie

29

179



1 IS
% g % «-\/J.
e P B I R s S i -1 g ~
.l“r 692 — — Tw — m_" e m
2 =
-m m IH
. =
w 2 = 5
1 L — o
Z 7 u_ .m 2
= 5
z e | € 5
e 2 m
= _
en )
L = <
e ) 5 g
- U o ” ~
=) R i) &
>~ o K 2 Q
T 1_ 3 © ~
L N BB g
m B Sm\ C ~
T < & S &z
m 3 < ©
< P, i
G m \H/;
© o
L2 = &
N a

M N

o A “ MII/

B = ==

=) N

o T le . d 1 & © BIEN

A SRS O - L. e S - PR 3

wi——— L&) N 2 <

- 1 ‘ptv H

m S~

< N

@ fm W M

[ S o
M e

=13 o \/V

[ N N— d

ST

T S 3

- Z <

& N T g

a o S8

. wn > = <

(suun "que) Aysusiu| . N N

=) 1o

S~ 0 n I

e~ — < =

Mayrol|gig usiph Nl e H:_LQ ul a|ge|leAe si SsIsay] [el0120p SIyl JO UOISIDA _mc_@_\_o U®>O\_QQ® oyl qny a3pajmoud| JNoA

“regBniian ayiolgig UsIp\ NL 19p Ue 1sI uoeuassig 1asalp uoisiaAfeulibuO apjonipab susiqoidde aiqg Av_wr_u.o__ﬂ_m

180

30



AC-ZIF _100CV

AC-ZIF

o
-
N
|
|

T
5.5 5.0 4.5 4.0 s 3.0
Chemical Shift (ppm)

T
6.0

6.5

7.0

8.0

8.5

9.0

(snun “que) Aysuaju)

“aylolgig usip\ N.L Te wuld ul ajgejrene si Sisay) 210190 Syl JO UoisiaA jeulblio panoidde ay L
“regBniian ayiolgig UsIp\ NL 19p Ue 1sI uoeuassig 1asalp uoisiaAfeulibuO apjonipab susiqoidde aiqg

Fig. S23. '"H NMR of AC-ZIF and AC-ZIF after 100 CV cycles at high potential window (0.85-

1.55 V).

AC-ZIF: 'H NMR (250 MHz, Acetic Acid-ds) & 7.44 (s, 1H), 7.34 (s, 1H), 2.58 (s, 1H). AC-ZIF after 100 CV: 'H NMR (250

MHz, Acetic Acid-dy) 6 7.53 (s, 2H), 7.36 (s, 1H), 2.63 (s, 1H).
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AB-ZIF: 'H NMR (250 MHz, Acetic Acid-d4) 6 7.37 (dd, J

5.9, 3.2 Hz, OH), 2.63 (s, 1H).
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Table S3. Calculation of the ligand ratio in LE-ZIFs by 'H NMR.

Samples AB-ZIF AC-ZIF AD-ZIF AE-ZIF
Synthetic mass of ligand B-E/A
1/1 1/1 1/1 1/1
(g/g)
Synthetic ratio of ligand B-E
49.6 41.0 383 38.1
(mol%)
Actual ratio of ligand B-E
51.2 414 39.0 36.9
(mol%)
Actual ratio of ligand B-E after
- 60.2 339 39.1
100 CV (mol%)
All "TH NMR data were quantified from Figs. S21-25.
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Fig. S26. ATR-IR spectra of A-ZIF (a) and AE-ZIF (b) between 0.85-1.55 V with different CV

cycles (0, 20, 50 and 100).
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S4. Evolution of morphology and elemental distribution after

electrocatalytic reaction

Both A and AE exhibit distinct dodecahedral crystal grains with clear and sharp edges before
electrocatalytic reaction, indicating their well-defined morphology (Figs. 4 and S27). Elemental
mapping via EDS reveals the uniform distribution of elements within ZIF particles, indicating the
homogeneous distribution of the secondary ligand without aggregation together, contrasting
markedly with the structured evolution post electrocatalysis.

After 12-hour amperometry, enlargement of the AE-ZIF particle edge in Fig. S30 reveals the
lattice fringes of 0.23, 0.24 and 0.27 nm within surface layer, corresponding well with the (012)
plane of CoOOH and (101) and (100) planes of Co(OH)2, as indicated by bright rings in the SAED
pattern ' 2. Other LE samples, AC and AD exhibit the in-situ formation of a cobalt
(oxy)hydroxide layer similar to AE-ZIF on their surfaces (Figs. S32 and S33). The apparent
aggregation of Co and O elements on the particle surfaces in the EDS mapping further confirms
the presence of the outer layer structure. Interestingly, although AB-ZIF transitions to an
amorphous during electrocatalysis according to XRD pattern, some agglomerates of Co(OH)2 and
CoOOH nanoparticles are still observed in TEM images. The distribution of Co and O elements in
EDS mapping, lattice fringes, and bright spots in the corresponding selected area FFT patterns
further confirm the crystalline characteristics of these agglomerated particles (Fig. S31).

The atomic ratio of oxygen elements increases significantly to 49.21% and 23.23% after 12-
hour amperometry for A and AB, contrasting with the nearly negligible oxygen content before the
reaction (Figs. S28e and S31f). This further supports the complete reconstruction of A and AB,
transitioning into high-valence cobalt (oxy)hydroxides. In contrast, the atomic ratio of oxygen
elements in AC, AD and AE remains clearly controlled within the range of 1 to 3.12%, indicating

incomplete reconstruction with only slight electro-oxidation occurring on the particle surface.
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Fig. S27. a, TEM image of A-ZIF. b, ¢, Enlarged TEM images of A-ZIF. d, Elemental mapping of
A-ZIF showing the Co, O, N and C distribution. e, EDS quantitative elemental analysis of A-ZIF.
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Fig. S28. a, TEM image of A-ZIF after 12-hour amperometry, with the corresponding SAED
pattern. b, ¢, Enlarged TEM images of A-ZIF after 12-hour amperometry. d, Elemental mapping of
A-ZIF after 12-hour amperometry showing the Co, O, N and C distribution. e, EDS quantitative
elemental analysis of A-ZIF after 12-hour amperometry.
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Fig. S30. a, TEM image of single-particle AE-ZIF after 12-hour amperometry. b, Enlarged TEM
image of AE-ZIF edge after 12-hour amperometry, the corresponding SAED pattern. ¢, Elemental
mapping of single-particle AE-ZIF after 12-hour amperometry showing the Co, O, N and C
distribution. d, EDS quantitative elemental analysis of AE-ZIF after 12-hour amperometry.
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Fig. S31. a, TEM image of AB-ZIF after 12-hour amperometry, with the corresponding SAED and
FFT patterns. b, ¢, d, Enlarged TEM images of AB-ZIF after 12-hour amperometry. e, Elemental
mapping of AB-ZIF after 12-hour amperometry showing the Co, O, N and C distribution. f, EDS
quantitative elemental analysis of AB-ZIF after 12-hour amperometry.
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Fig. S32. a, TEM image of AC-ZIF after 12-hour amperometry. b, ¢, Enlarged TEM images of AC-
ZIF after 12-hour amperometry. d, Elemental mapping of AC-ZIF after 12-hour amperometry
showing the Co, O, N and C distribution. e, EDS quantitative elemental analysis of AC-ZIF after
12-hour amperometry.
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Fig. S33. a, TEM image of AD-ZIF after 12-hour amperometry. b, ¢, Enlarged TEM images of AD-
ZIF after 12-hour amperometry. d, Elemental mapping of AD-ZIF after 12-hour amperometry
showing the Co, O, N and C distribution. e, EDS quantitative elemental analysis of AD-ZIF after
12-hour amperometry.
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SS5. In-situ UV-Vis absorption and Raman spectroscopy during

electrocatalytic reactions

During the in-situ electrochemical UV—Vis absorption measurements, AC, AD and AE also
exhibit the broad feature, associated to the same transition of tetrahedral Co species. Sample AB-
ZIF only shows absorption signals at 328 and 354 nm, corresponding to ligand 2-mIm and NHa-
mlm, respectively (Fig. S35a). The broad signals associated with tetrahedral Co species in AC and
AD noticeably weaken after 50 and 60 CV cycles, in addition to AC-ZIF displaying a CoOOH
signal at 369 nm (Figs. S35b and S35c) 3. The most unstable one is AB-ZIF, where the ligand
signals disappear after 10 CV cycles, indicating that the intrinsic framework had been degraded.

For the other LE-ZIFs analyzed by in-situ electrochemical Raman spectroscopy, the secondary
ligands bIm and 2-bIm are attributed to characteristic peaks at 701, 775 and 685 cm™ in AC and
AD (Figs. S36 and S37) '* 5. Under high applied potential or after higher CV cycles, the
preservation of ligand peaks in AD-ZIF is notably better than in AC-ZIF. Additionally, there are
slightly signals in the range of 498 to 617 cm ™' indicating the presence of high-valence cobalt
species. Combined with the AE-like core-shell structure observed in TEM images (Figs. S32 and
S33), this implies that they undergo the SR process, continuous generation of cobalt
(oxy)hydroxide layer while preserving the inherent framework structure as the core. In the case of
AB-ZIF, the characteristic peaks rapidly weaken and disappear after 1.30 V or 20 CV cycles, with
signals of probably CoOOH appearing only after 80 cycles. Subsequently, no distinct features were
observed in the Raman spectra, indicating rapid structural degradation to form the amorphous

structures.
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Fig. S34. Experimental setup for In-situ electrochemical UV—Vis absorption/Photoluminescence
(a) and Raman (b) measurements.
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Fig. S35. a, b, ¢, In-situ electrochemical UV—Vis absorption spectroscopy of AB-ZIF (a), AC-ZIF
(b) and AD-ZIF (¢) with 100 CV cycles at high potential window from 0.85-1.55 V. d, e, In-situ
electrochemical UV—Vis absorption spectroscopy of A-ZIF with 100 CV cycles at low potential
window from 0.85-1.05 V (d) and medium potential window from 0.85-1.30 V (e).
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Fig. S36. In-situ electrochemical Raman spectroscopy of AB-ZIF (a), AC-ZIF (b) and AD-ZIF (c)
from at various applied potentials 1.20 to 1.65 V.
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Fig. S37. In-situ electrochemical Raman spectroscopy of AB-ZIF (a), AC-ZIF (b) and AD-ZIF (c)
with 100 CV cycles at high potential window from 0.85-1.55 V, the scan rate is 10 mV s
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S6. Photoelectrocatalysis and band gaps calculation

Samples AC and AD exhibit similar trends in band gap and PL peak intensity to AE-ZIF, which
decrease with an increasing number of CV cycles (Figs. S43 and S45). Specifically, the band gap
of AC-ZIF decreases from 1.41 to 1.07 eV, while that of AD-ZIF from 1.43 to 0.91 eV. The decrease
in band gap aligns with the varying degrees of self-reconstruction and structural evolution during
photoelectrocatalysis. The slight decrease in PL peak intensity of AC and AD can be attributed to
the in-situ formation of the cobalt (oxy)hydroxide layer during CV test. Samples AC and AD exhibit
relatively low current density and Oz evolution rate under visible light, with reductions of 23.6%
and 23.2% after 12 hours, indicating their inferior activity and stability under photoelectrocatalysis
compared to AE-ZIF. Compared to A-ZIF, they still maintain visible light catalytic performance
under amperometry for 12 hours, with about 1.5 or 2-fold enhancement compared to the dark
condition.

Conversely, AB-ZIF shows poor photoelectrochemical stability, with the PL peak
disappearing after 10 CV cycles, indicating a phase transition. Furthermore, AB-ZIF has a band
gap exceeding 2 eV and lacks visible light absorption ability, resulting in a negligible enhancement

of OER efficiency in the visible light (Fig. S41).
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Fig. S38. a, b, Band gap of A-ZIF calculated from in-situ UV—Vis absorption spectra from 0 to 100
CV cycles at 0.85-1.55 V. ¢, d, Flat band potentials of A-ZIF calculated from Mott-Schottky plots

from 0 to 100 CV cycles at 0.85-1.55 V.
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Fig. S39. a, b, Band gap of AE-ZIF calculated from in-situ UV—Vis absorption spectra from 0 to
100 CV cycles at 0.85-1.55 V. ¢, d, Flat band potentials of AE-ZIF calculated from Mott-Schottky
plots from 0 to 100 CV cycles at 0.85-1.55 V.
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Fig. S40. a, b, Band gap of AB-ZIF calculated from in-situ UV—Vis absorption spectra from 0 to
100 CV cycles at 0.85-1.55 V. ¢, d, Flat band potentials of AB-ZIF calculated from Mott-Schottky
plots from 0 to 100 CV cycles at 0.85-1.55 V.
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Fig. S41. a, b, In-situ electrochemical Photoluminescence (PL) spectroscopy (a) and band potential
diagram (b) of AB-ZIF with 100 CV cycles at 0.85-1.55 V. ¢, Amperometric plots and Oz evolution
rates of AB-ZIF at certain potentials of 1.65 V and visible light.
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Fig. S42. a, b, Band gap of AC-ZIF calculated from in-situ UV—Vis absorption spectra from 0 to
100 CV cycles at 0.85-1.55 V. ¢, d, Flat band potentials of AC-ZIF calculated from Mott-Schottky
plots from 0 to 100 CV cycles at 0.85-1.55 V.
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Fig. S43. a, b, In-situ electrochemical Photoluminescence (PL) spectroscopy (a) and band potential
diagram (b) of AC-ZIF with 100 CV cycles at 0.85-1.55 V. ¢, Amperometric plots and Oz evolution
rates of AC-ZIF at certain potentials of 1.65 V and visible light.
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Fig. S44. a, b, Band gap of AD-ZIF calculated from in-situ UV—Vis absorption spectra from 0 to
100 CV cycles at 0.85-1.55 V. ¢, d, Flat band potentials of AD-ZIF calculated from Mott-Schottky
plots from 0 to 100 CV cycles at 0.85-1.55 V.
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Fig. S45. a, b, In-situ electrochemical Photoluminescence (PL) spectroscopy (a) and band potential
diagram (b) of AD-ZIF with 100 CV cycles at 0.85-1.55 V. ¢, Amperometric plots and Oz evolution

rates of AD-ZIF at certain potentials of 1.65 V and visible light.
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S7. DFT simulation calculations

A-ZIF

Fig. S46. Models structure of A-ZIF optimized from DFT simulation.
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Fig. S47. Models structure of AB-ZIF optimized from DFT simulation.
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AC-ZIF

Fig. S48. Models structure of AC-ZIF optimized from DFT simulation.
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Fig. S49. Models structure of AD-ZIF optimized from DFT simulation.
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Fig. S50. Models structure of AE-ZIF optimized from DFT simulation.
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Table S4. Co band center (¢4), N band center (¢y) and energy difference (AE) between €7 and ¢ of

as-prepared ZIFs.

Samples &q (eV) & (eV) AE g48, (eV)
A-ZIF -0.74 -3.15 241
AB-ZIF -1.71 -6.27 4.56
AC-ZIF -1.09 -4.43 3.34
AD-ZIF -1.70 -3.15 1.45
AE-ZIF -2.31 -3.64 1.33

All band center data are from Fig. S51.
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DFT simulation.
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Fig. S53. Calculation steps for OER free energy of A-CoOOH (a) and E-CoOOH (b).
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Fig. S54. Free energies diagram of the CoOOH model without ligands.

“aylolgig usip\ N.L Te wuld ul ajgejrene si Sisay) 210190 Syl JO UoisiaA jeulblio panoidde ay L
“regBniian ayiolgig UsIp\ NL 19p Ue 1sI uoeuassig 1asalp uoisiaAfeulibuO apjonipab susiqoidde aiqg

qny a8pajmoud| JNoA

Sraylolqie

67

217



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

S8. Characterizations Section

X-ray Diffraction (XRD). Used PANalytical X'Pert Pro multi-purpose diffractometer (MPD) with
Bragg Brentano geometry with Cu anode at 45 kV, 40 mA, equipped with a BBHD Mirror and an
X-Celerator multichannel detector. The diffraction patterns were tested at a 20 angle of 5° and 90°.
All measurements were performed with Cu sealed tube Ka and KB radiation (2:1 ratio) with a
wavelength of A=1.54060 A at a scan rate of 0.5° min"'. Sample holder is a single crystal silicon
on which the sample is immobilized by use of a drop of heptane, and rotated every 4 seconds during
the test.

X-ray photoelectron spectroscopy (XPS). All XPS measurements were executed using a custom-
built SPECS XPS spectrometer equipped with a monochromatized Al-Ka X-ray source (uFocus
350) and a hemispherical WAL-150 analyzer (acceptance angle: 60°). XPS samples were prepared
by scratching off the MOF-powder from the FTO substrate and placing it onto In-foil. The In-foil
was fixed to the sample holder using double sided carbon tape. For spectral acquisition, pass
energies of 100 eV and 30 eV, along with energy resolutions of 1 eV and 100 meV, were employed
for survey and detailed spectra, respectively. An excitation energy of 1486.6 eV, beam energy and
spot size of 70 W onto 400 pum, an angle of 51° to the sample surface normal were used. The base
pressure reached a value of 5x107'” mbar, and the pressure throughout the measurement was 5x10°
? mbar. All reported content values are presented in units of relative atomic percent (at%), with a
typical detection limit in survey measurements ranging from 0.1-1 at%, contingent on the specific
element. The accuracy of XPS measurements is approximately 10-20% of the reported values.

N, Physisorption. Measurements were conducted at temperature of 77 K, on a 3Flex instrument
by Micromeritics. Before measuring, the samples were vacuum outgassed at 150°C for 3-12 hours.
The apparent surface area was calculated by applying the Brunauer-Emmet-Teller (BET) equation,
following the recommended procedure for microporous sorbents '®. The relevant pore size
distributions were determined from the adsorption branch of the isotherms using the kernel of
nonlocal density functional theory (NLDFT).

Scanning electron microscope (SEM). Images were recorded on a FEI Quanta 250
(Schottky-)FEG-SEM, facilitated by USTEM (university service center for transmission electron
microscopy) at TU Wien, equipped with an ETD Secondary electron detector and an EDAX-
AMETEK Octane Elite 55 detector for elemental characterization by energy-dispersive X-ray-
spectroscopy. The device was operated at a voltage of 10 kV at a working distance of about 5 mm,
providing a maximum resolution of roughly 2 nm. Chemical X-ray microanalysis was performed
at 20 kV and 10 mm working distance.

Transmission electron microscope (TEM). All HR-TEM measurements displayed in this paper
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were performed on a Tecnai F20 FEG-TEM, facilitated by USTEM (university service center for
transmission electron microscopy) at TU Wien, equipped with a X-FEG, a Gatan Riol6 CCD-
camera, Gatan DigiSTEM II with HAADF detector for STEM imaging, an EDAX-AMETEK
Apollo XLTW SDD EDX-detector. The operating voltage was kept at 200 kV for all measurements,
providing a maximum lattice resolution of approximately 0.14 nm.

In-situ electrochemical Raman spectroscopy. Measurements were collected on HORIBA
LabRAM Spectrometer with a 532 nm laser.

In-situ electrochemical UV—Vis absorption spectroscopy (UV-Vis). Absorbance of each
ZIF@FTO glass were obtained at 350-700nm by Jasco V-670. Measurements were carried out
using the Jasco V-670 in diffuse reflectance mode with an Ulbricht-sphere.

In-situ electrochemical Photoluminescence spectroscopy. Measurements were carried out with
a PicoQuant FluoTime 300 spectrophotometer. The excitation source was a xenon arc lamp (power
=300 W), coupled with a double-grating monochromator. The detection system comprised of a
PMA Hybrid 07 detector along with a high-resolution double monochromator. Samples were
excited directly at a wavelength of 425 nm with ZIFs@FTO glass.

Nuclear magnetic resonance spectroscopy ("H NMR). Liquid phase 'H spectra were measured
using the Bruker ADVANCE 250 (250.13 MHz) instrument, which is equipped with a 5 mm
inverse-broad probe head and z-gradient unit. To serve as an internal reference, Acetic Acid with a
0 = 1.96 ppm was used. Due to the limited solubility of ZIFs in typical NMR solvents, the sample
weighing 2 mg was digested with 0.5 ml of ds-acetic acid and then sonicated until it was well

dispersed in the acid.
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Conclusions and outlook

This thesis focuses on zeolitic imidazolate frameworks (ZIFs), a subfamily of metal-
organic frameworks (MOFs), are constructed by combining organic and inorganic
building units to form periodic open porous structures. As described in Section 1.1,
compared to traditional porous materials, ZIFs exhibit great potential and advantages
as newly porous materials in environmental and energy applications as a novel class
of porous materials. However, they still face several challenges, such as the lack of
mesoscale cavities, saturated metal sites, low stability in catalytic environments, and
poor electrical conductivity.

To address these limitations, Sections 1.2 and 1.3 introduce the mixed-ligand
and selective ligand removal (SelLiRe) strategies to enhance the functional
properties. These approaches primarily involve modifying sodalite topology ZIFs
(ZIF-8 and ZIF-67) by introducing secondary ligands with corresponding functional
groups or creating the mesopore cavities with corresponding defects/open active
sites. These modifications aim to overcome the existing shortcomings. Considering
the current focus on carbon neutrality, Section 1.4 focuses on exploring the
advantages and limitations of MOFs/ZIFs in environmental and energy applications,
particularly in water purification and water electrolysis, as well as the latest research
progress, and exploration and analysis of recent literature.

Based on this analysis, in Chapter 3, | present three of my published articles.
SeLiRe ZIF-8 (Zn) is utilized for dye adsorption (Article #1) and electrocatalytic
hydrogen evolution reaction (HER, Article #2), while mixed-ligand ZIF-67 (Co) is
used for electrocatalytic oxygen evolution reaction (OER, Article #3). The
characterization instruments used in these studies are detailed in Chapter 2.

Firstly, | initially synthesized mixed-ligand ML-ZIF-8 using different ratios of two
ligands and achieved uniform mesopores through controlled thermal treatment.
Benefiting from the additional mesopores provided a larger pore volume, resulting in
a 40-fold increase in methylene blue adsorption capacity. This study provided
insights into creating hierarchical pores while retaining structural integrity, addressing
the issue of limited active sites for adsorption and catalysis in traditional SOD-type
ZIFs.

To extend the versatility and broad applicability of the SeLiRe strategy, | further
investigated the (photo)electrocatalytic HER capability of the resulting SeLiRe-ZIFs
samples. Synchrotron XAS confirmed that SeLiRe strategy effectively transformed
saturated Zn—Nzs sites into unsaturated Zn—Nz2 sites by breaking the coordination with
two secondary ligands. Monitored through in-situ electrochemical spectroscopy,
these localized sites spontaneously chemisorb hydroxyl groups from the 1M KOH
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electrolyte, subsequently forming the high-valence HO-Zn—Nz2 as real active sites. At
a current density of 10 mA cm™2, these active sites significantly reduced the HER
overpotential from 0.31 V to 0.07 V. DFT simulations further validated that these
sites facilitated the adsorption and dissociation steps of H20 molecules, thereby
improving overall HER activity. This study emphasized the importance of
unsaturated, localized and high-valence metal sites in promoting catalytic efficiency
and provided a blueprint for designing advanced HER catalysts.

Finally, | shifted the research focus to ZIF-67 and utilized a mixed ligand
strategy to develop a series of mixed-ligand ZIF-67 electrocatalysts for exploring the
(photo)electrocatalytic OER mechanism. The most effective sample demonstrated a
great increase around 8 times in both O2 release rate and current density under 1.65
V applied potential. Incorporating a secondary ligand with organic functional
groups—Tr-11 stacking aromatic rings and -NHz2 groups—significantly mitigated the
electro-oxidation process and promoted the formation of a thin/stable (oxy)hydroxide
layer on the particle surface. Theoretical calculations demonstrated that in
electrocatalysis, the accelerated electron transfer at the interface of this core-shell
structure, along with the reduction in Gibbs free energy, collectively enhanced the
oxygen evolution capability under a given applied potential. This study highlighted
the synergistic effects of ligand engineering and provided a pathway for addressing
the structural reconstruction challenges commonly faced in OER applications.

As a conclusion of this research, combining in-situ characterization methods
with ex-situ characterization before and after reactions is particularly critical,
especially for the weak stable MOFs/ZIFs. For example, in Article #2 and #3, without
in-situ electrochemical Raman spectroscopy, it would be difficult to detect the subtle
structural evolution of the samples. Such "minor/slight changes" could lead to
incorrect conclusions regarding the stability of ZIFs, which is undesirable. Thus,
future research on the catalytic applications of MOFs/ZIFs should reconsider issues
of instability and uncertainty, avoiding being overshadowed by numerous reports of
long-term "stable" MOFs.

Additionally, the use of atomic-resolution electron microscopy is equally critical
for studying MOFs/ZIFs. However, most MOFs/ZIFs are electron-beam-sensitive
materials, and the powerful electron beams of HRTEM can significantly damage their
structures, making it difficult to obtain accurate atomic arrangements and pore
images. Current solutions include using uniquely configured electron microscopes,
such as low-electron-dose TEM or cryo-TEM, but these must be tailored to the
specific MOFs being analyzed.

Undoubtedly, MOFs/ZIFs, as novel porous materials, hold immense potential in
environmental and energy applications. Their controllable porosity and high surface
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areal/reactive sites far surpass traditional materials, making them extensively
researched for gas adsorption/separation and water purification. However, as
previously mentioned, low catalytic stability and weak electron conductivity prevent
most MOFs/ZIFs from being directly used as catalysts. This is particularly true for
OER, which requires high potential, leading to structural reconstruction due to
electro-oxidation process. Additionally, MOFs/ZIFs have strict requirements for
reaction environments, such as high or low pH, or even pure aqueous solutions,
where the framework structures are degraded. The 3D framework formed by
interconnecting organic ligands inhibits the most electron transfer during reactions,
significantly reducing the intrinsic catalytic activity. Furthermore, the high cost/hard-
to-synthesize organic ligands significantly reduce the possibility of industrialization of
MOFs/ZIFs. Currently, achieving mass production of MOFs/ZIFs for industrial
applications, in contrast to the successful catalyst P25 (TiOz), remains challenging.
Therefore, these issues need to be addressed in future research to advance the
industrial application of MOFs/ZIFs in environmental and energy fields.

Although ligand engineering strategies, such as mixed-ligand and SeLiRe, are
gaining attention in MOF research to address these challenges, most studies are
concentrated on common MOFs such as MIL-125, MIL-101, UiO-66/UiO-67, and
HKUST-1. Apart from this thesis, few have applied these strategies to the zeolite-like
ZIF family, which is known for its superior stability. Given the thousands of MOF
types currently available, establishing a robust three-step framework—synthesis,
characterization, and mechanism elucidation—is particularly vital for advancing
ligand-engineered MOFs/ZIFs. This could extend the versatility and applicability of
these strategies to other MOF families, especially for those unpopular and recently
reported MOFs/ZIFs, potentially uncovering structures better suited for diverse
applications and harsh industrial environments. For instance, before Article #1
reported mixed-ligand ZIFs for the SelLiRe strategy, there were almost no relevant
studies, highlighting the importance of this work in paving the way for broader
applications of ligand engineering strategies.

Reflecting on the gains and challenges of this work, | have gained a deeper
understanding of the synthesis of MOFs/ZIFs and the theoretical basis for ligand
selection, particularly in organic chemistry. | also improved my skills in utilizing
advanced characterization techniques, such as synchrotron XAS, and grasped the
critical importance of in-situ characterization under reaction conditions. However, my
research overly focused on modifying and studying ZIFs with SOD topology (ZIF-8
and ZIF-67) and lacked reverse-designed MOFs tailored for specific application
needs. This is a direction | aim to pursue in the future. In fact, | have already
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synthesized a unique MOF with an unprecedented graphene-like layered structure,
which has attracted much attention. | am currently dedicated to resolving and
characterizing its structure to enable its use in environmental and energy
applications.

In summary, this thesis demonstrates that ligand engineering strategy enhances
the application potential of ZIFs in environmental and energy fields, partially
addressing the shortcomings of single-ligand ZIFs. It provides a feasible approach
for designing multifunctional MOFs/ZIFs with different topologies and lays the
groundwork for future advancements. The insights gained from this work offer
valuable guidance for researchers aiming to overcome the challenges of stability,
conductivity, and scalability, driving the development of MOFs/ZIFs toward practical
industrial applications.
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