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Abstract

Daria Givirovskaia
Advanced Synthesis and Characterization of Metal–Organic Frameworks for Di-
verse Applications
Lappeenranta 2025
100 pages
Acta Universitatis Lappeenrantaensis 1269
Diss. Lappeenranta-Lahti University of Technology LUT
ISBN 978-952-412-397-6, ISBN 978-952-412-398-3 (PDF), ISSN 1456-4491 (Print),
ISSN 2814-5518 (Online)

Metal–organic frameworks (MOFs) and zeolitic imidazolate frameworks (ZIFs) represent
a remarkable class of porous crystalline materials, distinguished by their highly ordered
structures, large surface areas, and chemical tunability. Their versatility makes them at-
tractive for diverse applications, ranging from catalysis to environmental remediation.
However, conventional solvothermal and hydrothermal syntheses often fall short in terms
of precise microstructural control, largely due to limited real-time reaction monitoring and
control. These drawbacks are particularly critical when the objective is not only to synthe-
size bulk powders but also to engineer functional coatings and composites for real-world
applications. To address these challenges, this dissertation investigates non-conventional
synthesis strategies for MOF- and ZIF-based coatings as well as their derived composites,
with an emphasis on synthesis intensification, microstructural control, functionalization,
and scalability, with the goal of expanding their applicability across environmental, en-
ergy, and health-related domains.

A solvent-free hot-press synthesis route was first developed for the fabrication of ZIF-8
nanostructures as photocatalytic coatings on protective masks. This approach eliminates
the need for solvents while providing excellent control over crystallinity and adhesion.
The resulting ZIF-8 films exhibited strong photocatalytic activity under UV irradiation,
leading to the complete inactivation of bacterial pathogens and viral surrogates of COVID-
19, demonstrating high potential for antimicrobial and health-protective applications. In
the next stage, a microwave-assisted, template-directed growth approach was employed
to construct hierarchically structured ZIF-67-based composites on carbon fiber substrates.
The obtained materials displayed superhydrophobic and superoleophilic behavior, en-
abling highly efficient and selective oil–water separation, as well as excellent reusabil-
ity and stability, thereby addressing key challenges in environmental remediation. Fi-
nally, a Ni-based MOF-74 composite was synthesized using a similar microwave-assisted,
template-directed growth approach, followed by advanced laser-assisted post-treatment,
enabling precise control over surface chemistry and hierarchical morphology. The re-
sulting material exhibited outstanding electrocatalytic activity and durability toward the
oxygen evolution reaction under alkaline conditions, underscoring the effectiveness of



combining template-directed synthesis with post-synthetic laser modification for energy-
related applications.

Overall, this work establishes a coherent framework for non-conventional MOF synthesis
and hierarchical composite design, demonstrating how synthesis intensification and tar-
geted functionalization can drive material performance and broaden the practical impact
of MOF-based technologies.

Keywords: metal–organic frameworks; zeolitic imidazolate frameworks; advanced syn-
thesis; hot-press synthesis; microwave-assisted synthesis; template growth method; laser
post-treatment; MOF-derived composites; antiviral coatings; sorption; oxygen evolution
reaction; nanoparticles; nanocatalysis
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1 Introduction

The well-being of modern society is fundamentally sustained by the reliable supply of
food, energy, clean water, and unpolluted air. With the global population projected to
reach 9.7 billion by 2050 (Figure 1.1), the demand for these essential resources will con-
tinue to rise, thereby intensifying existing environmental and public health pressures (Ja-
van et al., 2024; Falcon, Naylor, and Shankar, 2022). Maintaining a high standard of
living under such conditions is becoming increasingly difficult, as resource competition
and environmental degradation continue to escalate. While industrial and technological
progress since the nineteenth century has driven human development, it has simultane-
ously led to the unsustainable exploitation of natural resources and the accumulation
of waste from production and consumption (Matlin et al., 2025). Cumulatively, these
practices have triggered a cascade of interconnected environmental crises — including
ecosystem degradation, biodiversity loss, and the contamination of air, water, and soil.
Rapid industrial expansion and continued reliance on fossil fuels continue to increase
greenhouse gas emissions, intensifying global warming and large-scale environmental
degradation (Amoo and Layi Fagbenle, 2020). Alongside industrial pollution, overfish-
ing and the excessive use of agricultural fertilizers have also accelerated the depletion and
eutrophication of aquatic environments, undermining food security and long-term eco-
logical balance (Organization, 2024). As a result, the availability of safe drinking water
and nutritious food has declined, contributing to elevated health risks and the spread of
waterborne and nutrition-related diseases.

Figure 1.1: Population growth trends from 1800 to 2100 (Statista, 2020)
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These trends underscore the urgent need for innovative technological solutions capable
of mitigating the environmental consequences of industrialization and ensuring the long-
term sustainability of natural systems. One of the most promising directions lies in the
development of advanced material-based approaches, which enable precise control over
composition, structure, and functionality to selectively capture, transform, or neutralize
contaminants. Recent progress in materials science has led to the creation of functional
systems — including porous, nanostructured, hybrid, and bioinspired materials — with
tunable physicochemical properties tailored for removing heavy metals, organic pollu-
tants, and greenhouse gases, while supporting cleaner production and closed-loop pro-
cesses (Akhtar, Ali, and Zaman, 2024; H. Ma et al., 2025; Satyam and Patra, 2024).
Beyond environmental remediation, material-based strategies also play a vital role in
biomedical applications, where engineered materials serve as antimicrobial coatings, drug
carriers, and tissue scaffolds, enhancing therapeutic performance and biocompatibility
(Alshangiti et al., 2023; Tian et al., 2025). At the same time, innovations in materials
engineering are accelerating the shift toward renewable energy technologies through the
design of efficient electrocatalysts and photoactive systems for sustainable energy conver-
sion and storage (Figure 1.2) (Prasad et al., 2024).

Among the diverse classes of advanced materials, porous materials occupy a distinctive
position due to their structural adaptability and functional versatility, which make them
particularly effective in addressing environmental challenges. Their well-defined net-
works of interconnected pores provide high internal surface areas that can accommodate,
trap, or selectively transform target molecules through adsorption, catalysis, or ion ex-
change (Khan et al., 2025). Depending on pore size, they are conventionally categorized
as microporous (<2 nm), mesoporous (2–50 nm), or macroporous (>50 nm), each ex-
hibiting unique physicochemical properties suited for specific applications (P. S. Liu and
G. F. Chen, 2014). Classical examples include inorganic frameworks such as zeolites,
activated carbons, and mesoporous silica, each offering distinct structural and functional
advantages.

In recent decades, however, the chemistry of porous materials has advanced far beyond
these traditional systems to include organic and hybrid frameworks, where metal–ligand
coordination or covalent bonding provides an additional degree of structural and chemical
tunability (H. Li et al., 1999). This evolution has enabled the rational design of synthetic
porous materials with precisely tailored pore architectures, surface functionalities, and
chemical reactivity for specific applications. One of the most prominent representatives
of this new generation of materials are metal–organic frameworks (MOFs) (M. Zhang
et al., 2014). Metal-organic frameworks (MOFs) are hybrid organic-inorganic materials
composed of metal clusters and organic ligands, distinguished by their exceptionally large
surface areas (> 6000 m2 g� 1), high porosity (up to 90% free volume), structural diversity,
and precisely tunable topology and functionality (H.-C. Zhou, Long, and O. M. Yaghi,
2012).
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Figure 1.2: Schematic representation of material-based approach for environmental pro-
tection.

The rational design of MOFs is governed by the principles of reticular chemistry, which
focuses on the controlled formation and dissociation of chemical bonds to assemble molec-
ular building units into extended frameworks with predetermined architectures. When a
new structure is envisioned, chemists design logical synthetic routes from simple precur-
sors —- acting as molecular architects which define both the composition and geometry
of the target framework. While such design-based synthesis is highly developed in or-
ganic chemistry, achieving comparable precision in metal-containing systems – particu-
larly when metals are integrated into the framework structure as key building units, as in
MOFs – presents unique challenges. Metal ions can adopt multiple coordination geome-
tries and oxidation states, often leading to unpredictable reaction outcomes (O. M. Yaghi,
Kalmutzki, and Diercks, 2019). Moreover, the modification of metal complexes is gener-
ally limited to substitution or addition reactions due to their intrinsic thermodynamic sta-
bility, rendering their synthesis less predictable and more reliant on empirical optimization
. A higher degree of structural control can be achieved by linking molecular building units
into discrete or extended frameworks through robust, directional bonds (Greenwood and
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Earnshaw, 1997a). This approach depends on two key factors: the bonding interactions
connecting the components and the geometric characteristics of the building blocks—such
as their size, length, and coordination angles—which guide self-assembly toward well-
defined crystalline architectures (O. M. Yaghi, Kalmutzki, and Diercks, 2019).

Despite major advances in understanding the principles of framework design, synthe-
sis parameters remain the decisive factor governing the successful formation and qual-
ity of metal–organic frameworks. The structure, crystallinity, and porosity of MOFs are
highly sensitive to reaction conditions such as temperature, pressure, solvent composi-
tion, concentration, and reaction time. Even slight variations can lead to different phases,
altered morphologies, or incomplete framework formation, resulting in agglomerations
and pore blocking (McKinstry et al., 2013; Yusuf, Malek, and Kailasa, 2022). Conven-
tional solvothermal and hydrothermal synthesis routes, while widely used, often fall short
in delivering precise microstructural control due to their limited capacity for real-time
monitoring and regulation of reaction parameters (Raptopoulou, 2021; Yusuf, Malek, and
Kailasa, 2022). In addition to synthesis itself, post-synthetic treatment and activation play
a critical role in determining the final properties and performance of MOFs. Traditional
thermal activation, typically involving prolonged heating in ovens under vacuum or inert
gas, is widely used to remove residual solvents and open framework porosity (Mohamed
et al., 2022; Mondloch et al., 2013). However, this method is energy-intensive, time-
consuming, and may induce particle sintering or partial structural collapse, particularly in
delicate or nanoscale frameworks.

These challenges become even more critical when the objective extends beyond the syn-
thesis of bulk powders to the fabrication of functional coatings and composites for prac-
tical applications. Achieving uniform crystal distribution, consistent particle size, and
strong adhesion between MOF layers and their substrates remains a significant challenge
under conventional synthesis conditions. Moreover, traditional thermal activation intro-
duces additional complications for supported frameworks, as prolonged heating can cause
delamination, uneven solvent removal, and localized structural degradation—particularly
when the thermal expansion properties of the substrate and coating differ (Hayat, Rauf,
et al., 2024). Consequently, the development of non-conventional, precisely control-
lable synthesis and post-synthetic activation strategies has become essential for advancing
MOF-based technologies and tailoring material performance for targeted applications.

1.1 Outline of the doctoral dissertation
To address these issues, this dissertation explores non-conventional synthesis strategies
for MOF- and ZIF-based coatings and their derived composites, with a particular focus on
synthesis intensification, microstructural control, functionalization, and scalability. The
resulting materials were applied to pathogen control, electrocatalytic water splitting, and
environmental remediation, with the main outcomes summarized in the three original
publications discussed below.
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Publication I . The COVID-19 pandemic has intensified the global need for effective
personal protective equipment. While face masks reduce virus transmission via respi-
ratory particles, prolonged use can lead to microbial buildup and potential co-infections.
This study explores the use of ZIF-8, a photocatalytic nanomaterial, as a mask coating
to enhance antimicrobial protection. Under UV light, ZIF-8-coated polypropylene masks
achieved 99.99% bacterial (S. aureus) and 95.4% viral (MS2 phage) inactivation within
2 hours. Notably, HCoV-OC43, a surrogate for SARS-CoV-2, was completely inacti-
vated in just one hour. These results underscore ZIF-8’s potential for developing next-
generation antiviral face masks.

Publication II . MOFs offer tunable, porous structures ideal for electrocatalyst design,
yet traditional synthesis methods are often inefficient and yield poorly structured materi-
als. This study introduces a rapid, scalable strategy combining microwave-assisted syn-
thesis and laser post-treatment to fabricate a high-performance Ni-based MOF-74 elec-
trocatalyst on Ni foam. The resulting composite—featuring encapsulated nickel oxide
nanoparticles—demonstrated excellent oxygen evolution reaction (OER) activity, reach-
ing 50 mA/cm2 at 318 mV overpotential in alkaline media. Its superior performance
stems from a hierarchical morphology with abundant active sites. This approach offers a
sustainable pathway for producing advanced MOF-derived electrocatalysts.

Publication III . Oil spills and industrial pollutants threaten aquatic ecosystems, high-
lighting the need for robust, high-performance sorbents. This study presents a hierarchi-
cal ZIF-67-based composite synthesized via a rapid two-step microwave-assisted method.
First, cobalt hydroxide nanosheets were grown on fluorinated carbon fibers; then, ZIF-67
nanocrystals were deposited, forming a microporous, nanostructured material. The re-
sulting sorbent showed superhydrophobic/superoleophilic properties and achieved high
uptake capacities (84–321 wt%) across diverse organic liquids. It also maintained excel-
lent reusability and stability, offering a scalable route to efficient materials for oil/water
separation and environmental remediation.

1.2 Scientific contribution

The scientific contributions of the publications comprising the doctoral dissertation are as
follows:

(i) Developed novel scalable synthesis routes for MOF coatings and composites, in-
cluding hot-press, microwave-assisted, and template-growth methods tailored for
microstructural control and energy efficiency.

(ii) Demonstrated direct ZIF-8 deposition onto polypropylene-based face masks, show-
casing a solvent-minimized method for creating reusable, MOF-functionalized pro-
tective materials.
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(iii) Established a template-assisted strategy for growing hierarchical ZIF-67 coatings on
carbon fiber substrates, enabling enhanced crystallinity, adhesion, and environmen-
tal stability.

(iv) Produced MOF-74(Ni)-derived composites via laser-assisted post-synthesis treat-
ment, introducing a rapid and agglomeration-free route for fabricating catalytic ma-
terials with a high surface area.

(v) Provided characterization analysis highlighting nucleation, growth, and framework
integration on diverse substrates, advancing the understanding of structure–property
relationships in MOF systems.

(vi) Contributed to the field of process intensification by significantly reducing reaction
times and energy inputs without compromising material quality or functionality.
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2 Fundamentals of Metal-Organic Frameworks

2.1 Historical development of porous materials

Porous materials are widely used in everyday life – often without being noticed – with ap-
plications ranging from domestic to industrial sectors (Bennett et al., 2021). Their history,
however, extends far beyond the emergence of science in its modern form (Figure 2.1).
The first documented application of porous materials dates back to ancient Egypt, where
"coal" 1 was used for medicinal purposes (Day et al., 2021). Comparable practices have
also been documented in early civilizations across Asia and the Middle East, where "sand"
2, gravel, and "coal" were employed in water purification and medicinal practices (Gho-
likandi et al., 2013). Later historical records from antiquity (8th century BC to 5th century
AD) also indicate that "coal" and "sand" were used for decolorization, purification of oils
and fats, and water desalination (Robens, 1994).

In the early Middle Ages (5th to the 8th century), Islamic scholars continued and ex-
panded Greek and Roman studies in substance analysis, medicine, and water purification
(Faridi, Roozbeh, and Mohagheghzadeh, 2012). Later, during the Age of Exploration
(15th to 17th century), the practical use of porous materials took on new forms, such
as the charring of barrels to prolong the drinkability of stored water on long sea voyages.
However, despite this long and diverse history, the basic functional mechanisms of porous
materials remained poorly understood until the 18th century, when their study began to
shift from empirical observation to systematic scientific investigation (Day et al., 2021).

In 1773, outstanding chemist Carl Wilhelm Scheele, during his studies of combustion
processes, noted that the charcoal mass increased when it came into contact with gases
(Lennartson, 2020). Although the mechanism was not yet understood, this was one of
the first documented recognitions of the sorptive power of charcoal, a phenomenon later
described as adsorption (Helmi, 2024). Over the following decades, researchers such as
Lowitz and Kehl expanded the role of charcoal in the purification of the liquid phase,
particularly in the decolorization of aqueous solutions and sugar syrups (Robens, 1994).

These discoveries laid the groundwork for the development of activated carbon (AC),
a material whose porosity and surface chemistry could be chemically or thermally modi-
fied to enhance its adsorption capacity (Robens, 1994; Bubanale and Shivashankar, 2017).
Throughout the 19th and early 20th centuries, AC was extensively used in sugar refining,
potable water treatment, and gas purification (Day et al., 2021; Robens, 1994). By the
early 1900s, industrial-scale production was established, with Ostrejko’s patented meth-
ods forming the basis for commercial products such as Eponit and Norit, marking a turn-

1"Coal" is currently known as charcoal – apparently one of the earliest unintentionally produced syn-
thetic materials (Robens, 1994)

2The term "sand" in ancient texts probably referred to a variety of granular materials, many of which are
now classified as clays or fine aluminosilicates (Robens, 1994).
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ing point in intentional engineering of porous sorbents for large-scale use (Bubanale and
Shivashankar, 2017).

In 1756, while scientists investigated the adsorptive properties of charcoal, Swedish min-
eralogist Axel Fredrik Cronstedt discovered a new class of porous materials, zeolites3

(Day et al., 2021; Flanigen, 1991). Zeolites are a group of microporous inorganic mate-
rials composed of hydrated aluminosilicates of alkali and alkaline earth metals (Osacký
et al., 2020). For over a century, natural zeolites remained scientific curiosities, with few
practical applications (Day et al., 2021). The nineteenth century saw an extensive study
of their physical and chemical properties, with researchers throughout Europe and be-
yond exploring their ion exchange, adsorption4, and desorption behaviors, as well as their
crystallographic structure (Flanigen, 1991).

Figure 2.1: Timeline of porous materials development: from ancient records to the mod-
ern era

Driven by the demands of technological progress and the structural limitations of natural
zeolites, of which fewer than sixty framework types are known, the mid-20th century
marked a turning point in zeolite research (Baerlocher et al., 2025). Researchers began
focusing on synthetic zeolites with tailored pore structures, and Richard Barrer laid the
foundation for systematic design and controlled synthesis (Vaughan, 2007). Inspired by
Barrer’s work, Richard Milton Martin of Union Carbide initiated a synthesis program
that led to the discovery of several commercially important frameworks — types A, X
and Y (Zimmermann and Haranczyk, 2016). The further decades represented the rapid
expansion of industrial applications, including the introduction of synthetic zeolite X as

3“Zeolite,” derived from the Greek zeo (to boil) and lithos (stone), was inspired by Cronstedt’s observa-
tion that heating samples of stilbite and stellerite produced steam — a phenomenon we now understand as
the desorption of water from zeolitic pores (Flanigen, 1991)

4In 1881, German physicist Heinrich Kayser first applied the term ‘adsorption,’ which remains in use
today (Helmi, 2024)
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a cracking catalyst, ultrastable Y, and high-silica zeolites such as ZSM-5 and zeolite beta
(Flanigen, 1991). In 2025, the International Zeolite Association recognized more than 250
zeolite framework types, though only about 20 are widely used in industry (Baerlocher
et al., 2025).

Nevertheless, the inorganic nature of zeolites imposed limitations on structural tunabil-
ity and pore size variability (H. Li et al., 1999). To address these limitations, research
efforts have shifted toward the design of materials that integrate organic ligands with in-
organic metal nodes/clusters, aiming to achieve greater structural flexibility and chemical
functionality (Bennett et al., 2021). Since the early 1990s, initial studies focusing on the
synthesis of such hybrid materials, later termed metal-organic frameworks (MOFs), have
been initiated (James, 2003). A major breakthrough occurred in 1999, with the synthesis
of HKUST-1 (Chui et al., 1999) and MOF-5 (H. Li et al., 1999), which became the first
stable crystalline materials to exhibit a surface area exceeding that of most zeolites. This
developments introduced a novel strategy for the synthesis of functional materials by
combining organic and inorganic components into highly ordered, porous frameworks,
establishing a new era in the tunable design of porous materials.

2.2 Design strategies of MOFs synthesis
The early concept of MOF design included the “node-and-spacer” approach, in which
mononuclear metal nodes were connected by ditopic organic ligands. Although concep-
tually straightforward, this approach suffered from low structural stability, unpredictable
porosity, and limited topological diversity (Furukawa et al., 2013). In 1989, Hoskins
and Robson explored the use of polytopic organic ligands for the synthesis of a three-
dimensionally linked coordination framework. However, the resulting structure lacked
significant robustness (Hoskins and Robson, 1989).

These limitations were overcome by replacing mononuclear metal nodes with secondary
building units (SBUs), polynuclear metal clusters with well-defined geometries (e.g., pad-
dlewheels, octahedra). The first examples of this approach were the Cu-based HKUST-1
(Chui et al., 1999) and the Zn-based MOF-5 (H. Li et al., 1999). This shift enabled the
construction of robust, predictable, and highly porous frameworks. The incorporation of
SBUs became a central principle in the design of next-generation MOFs and served as a
driving force for structural diversity and functional integration (Figure 2.2(a,f)).

Subsequently, research in MOFs advanced toward increasing pore size and overall poros-
ity while preserving the original framework topology (Figure 2.2(c)). This approach is
currently known as isoreticular chemistry (Fan et al., 2021). This strategy involves sys-
tematic modification of the organic linkers, typically by replacing shorter ligands with
longer analogues (Figure 2.2(g)). Such modifications expand pore dimensions and yield
exceptionally high surface areas, while maintaining the same underlying topology (Fu-
rukawa et al., 2013). A notable example of the isoreticular approach was provided by
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Figure 2.2: Schematic illustration of key conceptual advances in the structural design of
metal–organic frameworks (MOFs): (a) early “node-and-spacer” concept; (b) develop-
ment of secondary building units (SBUs); (c) introduction of the isoreticular principle;
(d) postsynthetic modification (PSM); (e) multivariate MOFs (MTV-MOFs); (f) example
of a Zn-based cluster; (g) organic linkers of varying molecular length; (h) functionalized
organic linkers.

the research group of Omar M. Yaghi, following their initial synthesis of MOF-5. In
2002, they reported twelve structural analogues of MOF-5, each synthesized by replacing
the original 1,4-benzenedicarboxylate (BDC) linker with longer dicarboxylates such as
biphenyl-4,4’-dicarboxylic acid (BPDC) and terphenyl-4,4”-dicarboxylic acid (TPDC).
This family of structures, termed isoreticular MOFs (IRMOFs), demonstrated that the
pore size and surface area could be systematically increased while maintaining the same
cubic topology (Eddaoudi et al., 2002).

Further advancements in MOF design emphasized the need to adjust the chemical func-
tionality after the framework was synthesized. A foundational example of this strat-
egy was demonstrated by Z. Wang and Cohen (2007), who investigated IRMOF-3—a
zinc-based framework constructed from 2-aminoterephthalate linkers. The amino groups
(–NH 2) do not participate in coordination with the metal nodes, therefore they remain
chemically accessible within the framework. The authors successfully modified these
groups via covalent acetylation, converting –NH2 into amide functionalities (–NHCOCH3)
directly inside the presynthesized framework. This strategy, later termed postsynthetic
modification (PSM), marked a major conceptual advance in MOF chemistry, enabling the



27

systematic tuning of pore environments and the incorporation of new chemical or catalytic
functionalities without compromising the structural integrity of the material (Furukawa et
al., 2013).

Although PSM significantly broadened the functional landscape of MOFs, it often suf-
fered from incomplete reactions and limited incorporation of multiple functionalities within
a single framework (H. Deng et al., 2010). To overcome these limitations, researchers
began exploring direct synthesis approaches in which multiple organic linkers are intro-
duced during framework assembly. An early example of this concept was reported by
Koh, Wong-Foy, and Matzger (2008), who synthesized MOFs containing two linkers of
different lengths within the same structure. Likewise, Kleist et al. (2009) demonstrated
a mixed-linker MOF constructed from BDC and its amino-functionalized derivative, en-
abling controllable incorporation of functional groups directly into the framework lattice.
Despite these advances, early mixed-linker systems were restricted in scope, typically
comprising only two organic components and offering limited functional diversity (H.
Deng et al., 2010).

To overcome these limitations, the concept of multivariate MOFs (MTV-MOFs) was in-
troduced. The study of H. Deng et al. (2010) demonstrated that it is possible to co-
assemble MOFs from mixtures of functionalized linkers, up to eight derivatives of BDC
bearing groups such as –NH2, –Br, –NO 2, and –(CH3)2 (Figure 2.2(h)). This approach
allowed the simultaneous and statistically uniform incorporation of diverse functionali-
ties within a single crystalline lattice, generating highly complex yet ordered chemical
environments (H. Deng et al., 2010). The MTV-MOF strategy thus represented a major
advance, bridging the gap between framework robustness and multifunctional chemical
tunability.

2.3 Introduction to the Reticular chemistry of MOFs

2.3.1 Role of SBUs in MOF Design

The structural richness of MOFs is highly dependent on the geometric and topological
diversity of SBUs (Peh and Zhao, 2020). Originally introduced in the field of zeolite
chemistry, the concept of SBUs was developed to simplify complex framework architec-
tures into fundamental modular units. In MOFs, SBUs typically consist of polynuclear
clusters of metal cations coordinated by the polydentate functional groups of organic link-
ers. Theirin situ formation allows for reversible assembly and dynamic error correction,
ultimately yielding highly crystalline and ordered frameworks, an attribute that makes
MOFs among the most well-defined coordination materials (O. M. Yaghi, Kalmutzki, and
Diercks, 2019).

SBUs exhibit a wide range of coordination numbers, most commonly 4, 6, 8, or 12 (Fig-
ure 2.3(a)), and can give rise to topologies ranging from simple primitive cubic (pcu) nets
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to highly connected and complicated frameworks (O. M. Yaghi, Kalmutzki, and Diercks,
2019). Although the theoretical number of possible architectures appears limitless, the
number of realizable frameworks is constrained. According to Pauling’s Rule of Parsi-
mony, extended frameworks favor a minimal number of distinct repeating motifs, which
explains why relatively simple SBUs such as the Zn4O(COO)6 octahedral cluster or the
Cu2(COO)4 paddlewheel dominate known MOF topologies (Peh and Zhao, 2020).

Figure 2.3: (a) Examples of SBUs; (b) Periodic table highlighting metals studied in MOF
formation as SBU-forming centers, as components of metallorganic linkers, or as com-
plexes introduced into frameworks via linker metallation (O. M. Yaghi, Kalmutzki, and
Diercks, 2019).
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Beyond geometric factors, the electronic configuration and chemical nature of metal ions
play a pivotal role in the formation of SBUs (O. M. Yaghi, Kalmutzki, and Diercks,
2019). For example, Zn, a d-block element with a filled 3d orbital and two outer 4s
electrons, predominantly forms SBUs with tetrahedral or octahedral coordination envi-
ronments (GreenwoodEarnshawZinc1997). This electronic stability facilitates the di-
rect self-assembly of a wide range of frameworks, simply by combining zinc salts with
appropriate carboxylate linkers, often without the need for precise reaction control (Peh
and Zhao, 2020).

In contrast, congeners such as cobalt (Co) and nickel (Ni), which possess partially filled
3d orbitals, are more prone to Jahn–Teller distortions and exhibit variable spin states
(Greenwood and Earnshaw, 1997b; Greenwood and Earnshaw, 1997c). This electronic
flexibility allows the formation of both discrete clusters and extended polynuclear motifs,
enhancing structural variety. However, predictability is reduced, as the resulting SBUs are
highly sensitive to reaction time, temperature, pH, and solvent environment (O’Keeffe and
O. Yaghi, 2011).

The rational design of MOFs with targeted topologies depends on the selection of SBUs
that exhibit compatible geometry and connectivity. By aligning the spatial arrangement of
SBUs with the topological requirements of a desired net, the range of accessible architec-
tures can be systematically limited and, in many cases, accurately predicted (M. Li et al.,
2013). Furthermore, once a specific topology has been established, it becomes possible
to design isostructural families of MOFs by maintaining the geometry of the SBUs while
varying their chemical composition. Substitution of metal centers or linker functionali-
ties, without changing the coordination number of the framework, allows the generation
of materials with identical architectures but tunable pore dimensions and physicochemical
properties (Peh and Zhao, 2020). This strategy provides a powerful route for expanding
structural diversity while tailoring MOF properties for application-specific performance.

2.3.2 Linker-based theory of MOF topology

After the development of the first prototypical framework, MOF-5, the crucial role of
linker charge in framework stability became evident (H. Li et al., 1999). In MOF-5, car-
boxylate linkers balance the positive charge of the Zn4O metal–oxo clusters, demonstrat-
ing that negatively charged linkers are essential for the construction of robust and stable
frameworks (Figure 2.4. Since then, carboxylate linkers have become the most widely
applied building blocks in MOF chemistry as a result of their strong coordination ability
and predictable connectivity (O. M. Yaghi, Kalmutzki, and Diercks, 2019).
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Figure 2.4: (a) Basic geometries of organic linkers used in MOF synthesis, typically
ranging from 2 to 12 extension points; (b) Symmetric and asymmetric geometries of
tri- and tetratopic linkers; (c) Representative organic building blocks employed in linker
construction, including extending units, core units, and binding groups; (d) Examples
of di-, tri-, and tetratopic linkers commonly applied in MOF synthesis (O. M. Yaghi,
Kalmutzki, and Diercks, 2019).
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Carboxylate-based linkers range from simple ditopic systems, capable of forming chain-
like structures, to multitopic ones with eight or more coordination sites that enable the
construction of highly connected and topologically diverse frameworks (Figure 2.4(a))
(W. Lu et al., 2014). A key factor underlying their success is the versatile coordination
chemistry of the carboxylate group, which can bind metals in several ways: (i) through
one oxygen atom; (ii) through both oxygen atoms to the same metal; (iii) bridging be-
tween different metal centers (O. M. Yaghi, Kalmutzki, and Diercks, 2019). However,
compatibility between the linker and the SBU is crucial. Mismatches between linker ge-
ometry and the coordination requirements of the metal node can introduce geometric frus-
tration, leading to defects, disorder, or the emergence of unusual topologies. (Jangizehi
et al., 2020)

For a framework to be periodic and structurally repeatable, linkers are generally required
to exhibit relatively high symmetry (Figure 2.4(b)). Symmetric linkers promote the for-
mation of periodic and predictable networks, whereas asymmetric or bent motifs tend to
generate more complex and less conventional structures (O. M. Yaghi, Kalmutzki, and
Diercks, 2019). However, even highly symmetrical linkers remain conformationally flex-
ible and can undergo bending (q andy angles) or twisting (f ), which significantly influ-
ence the final topology and porosity of the resulting MOF. Variations in these angles may
generate stereoisomers, which in turn can lead to frameworks of various dimensionalities
(Peh and Zhao, 2020).

2.3.3 Zeolite-Imidazole Frameworks

While carboxylate linkers established the foundation for MOF development, subsequent
research demonstrated that other classes of linkers can also stabilize extended frame-
works. Imidazolate linkers in particular provide strong coordination through their nitro-
gen donor atoms while imparting high rigidity due to their aromatic backbone, thereby
providing exceptional structural stability (Hayashi et al., 2007). When coordinated to di-
valent metals such as Zn2+ and Co2+ – and in some cases Fe2+ , Cu2+ , or Cd2+ – imida-
zolates enforce tetrahedral coordination environments. The resulting metal-imidazolate-
metal (M–Im–M) linkages exhibit an average bond angle of� 145� , closely matching
the Si–O–Si angle in aluminosilicate zeolites (Figure 2.5(a)) (Zheng et al., 2023). This
geometric analogy led to the establishment of a distinct subclass of MOFs, Zeolitic Imi-
dazolate Frameworks (ZIFs) (O. M. Yaghi, Kalmutzki, and Diercks, 2019).

The earliest ZIFs were synthesized with dense crystal structures, resulting in little to
no accessible porosity. This outcome can be explained by the rule of Parsimony, when
the most energetically favorable metal–imidazolate coordination tends to produce dense,
thermodynamically stable, non-porous frameworks rather than open, porous topologies
(O. M. Yaghi, Kalmutzki, and Diercks, 2019). The subsequent synthesis of the first porous
ZIFs represented a major breakthrough, resulting in materials that combine the mechan-
ical and thermal stability of zeolites with the tunable chemistry of MOFs (Zheng et al.,
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Figure 2.5: (a) Structural correlation between zeolites and zeolitic imidazolate frame-
works (ZIFs). Zeolite frameworks (left) with Si–O–Si bonds at� 145� compared to ZIFs
(right) with M–Im–M linkages (M = Zn, Co, Cu, Fe, Cd; R1, R2, R3 = functional groups).
(b) Imidazolate-based linkers with possible substitutions at R1 (Me, NO2, COH) and R2,
R3 (alkyl groups). (c) Benzimidazolate-based linkers with analogous substitution pat-
terns. (O. M. Yaghi, Kalmutzki, and Diercks, 2019).

2023). The hydrophobicity of the imidazolate linkers, combined with the strength of M–N
coordination bonds, forms ZIFs with exceptional chemical stability (Ortiz et al., 2014). A
well-studied example is ZIF-8, which exhibits high crystallinity, permanent porosity, and
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remarkable resistance to water, alkaline solutions, and many organic solvents (Abbasi,
Cseri, et al., 2020).

Although reaction parameters such as solvent, temperature, concentration of starting ma-
terials, and pressure influence the formation of ZIFs in terms of topology and porosity,
there are no general principles that allow their reliable prediction (Zheng et al., 2023).
Instead, the most effective means of structural control in ZIF chemistry is deliberate se-
lection of the linker (Figure 2.5(b,c)). In contrast to carboxylate-based MOFs, where
SBUs largely determine the framework topology and pores are formed as open channels,
in ZIFs the geometry and substituents of the imidazolate linker play a key role. The pores
in ZIFs are built as cages formed by the connectivity of imidazolate rings, the steric de-
mand, and the functionalization of the linker directly dictate pore size, shape, and overall
structure of the framework (O. M. Yaghi, Kalmutzki, and Diercks, 2019).

2.4 Synthetic Routes for Metal–Organic Frameworks
The synthesis of MOFs and ZIFs can be accomplished through a wide variety of meth-
ods, ranging from conventional solution-based synthesis to more advanced solvent-free
or irradiation-assisted techniques. Each approach offers distinct advantages in terms of
control, scalability, and environmental impact, while also presenting specific limitations
that motivate ongoing development (Yusuf, Malek, and Kailasa, 2022).

2.4.1 Solvothermal synthesis

Solvothermal synthesis involves dissolving reagents in organic solvents and heating the
sealed system under autogenous pressure, while hydrothermal synthesis uses water as the
reaction medium under similar conditions (J. Li, Q. Wu, and J. Wu, 2016). Reaction tem-
perature enables hydrothermal and solvothermal techniques to be classified as subcritical
or supercritical synthesis routes. Subcritical reactions occur at 100–240� C, which makes
them suitable for both laboratory and industrial applications. When supercritical condi-
tions are reached, the temperature may rise to nearly 1000� C while the pressure can reach
approximately 0.3 GPa (S. Feng and Guanghua, 2011). These reaction conditions signif-
icantly enhance solvent reactivity and alter the physicochemical behavior of the reagents,
promoting the formation of novel structures that cannot be achieved through classical
reactions (Zou et al., 2006).

The most common reactors for these methods are stainless steel autoclaves containing
inert liners, most typically Teflon (PTFE), which provides resistance against corrosive
solvents. Precious metal liners such as platinum, gold, or silver may be employed under
highly corrosive conditions, but their utilization is rare (Figure 2.6(a)). Some autoclaves
are additionally equipped with pressure control systems or magnetic stirring devices to
allow better monitoring and regulation of reaction conditions. However, the essential
requirements for such reactors remain straightforward assembly, leak-tight sealing, and
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long-term durability under repeated high-pressure cycles (J. Li, Q. Wu, and J. Wu, 2016).

Figure 2.6: Teflon-lined autoclave reactor and its application in MOFs synthesis: (a) com-
ponents of the Teflon-lined stainless steel autoclave reactor; (b) schematic representation
of the hydrothermal/solvothermal synthesis of MOFs.

The primary motivation for developing solvothermal and hydrothermal methods is their
effectiveness in producing nanomaterials with precisely tailored composition, porosity,
morphology, and crystalline phase (J. Li, Q. Wu, and J. Wu, 2016). This level of control
can be achieved by regulating reaction parameters such as reactant concentration, tem-
perature, solvent selection, and pH. (Figure 2.6(b)) (Zou et al., 2006). These methods
originated in the mid-19th century and remain an area of active research for the synthesis
of advanced crystalline materials, including MOFs, due to their advantages, such as rela-
tively low processing temperatures, tunability in liquid media, and lower heating energy
compared with conventional high-temperature solid-state routes (J. Li, Q. Wu, and J. Wu,
2016).

However, as outlined inPublication II , despite these advantages, the energy efficiency
and environmental sustainability of solvothermal and hydrothermal methods remain de-
bated. Although they frequently operate at lower temperatures than solid-state syntheses,
prolonged heating durations and operation under elevated pressure substantially increase
overall energy consumption. In addition, these methods can often lead to significant ag-
gregation of metal particles and the formation of non-homogeneous porous structures,
which reduce material performance and limit reproducibility.
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2.4.2 Room-temperature synthesis

Room-temperature synthesis has recently emerged as an attractive alternative to conven-
tional solvothermal and hydrothermal methods. Instead of relying on elevated tempera-
ture and autogenous pressure, this approach promotes framework formation under ambi-
ent conditions, typically through solution-based mixing of metal salts and organic linkers
(Figure 2.7). One of the major motivations for room-temperature synthesis is its energy
efficiency and sustainability, which make the process more cost-effective, environmen-
tally friendly, and potentially scalable (Chakraborty et al., 2024; K. Zhou et al., 2017).
In addition, depending on the targeted framework, room-temperature synthesis can yield
very small or thin particles, in some cases even smaller than those obtained by other syn-
thesis methods (Chaemchuen et al., 2017).

However, room-temperature methods often suffer from slower reaction kinetics, which
can lead to incomplete crystallization, lower phase purity, and crystals with limited poros-
ity. In some cases, the frameworks produced are less crystalline than those obtained from
solvothermal synthesis, which can compromise their porosity and long-term stability. To
address these limitations, strategies such as the use of modulators, pH adjustment, or
solvent engineering are frequently employed to guide nucleation and improve product
quality (Ding et al., 2023).

Figure 2.7: Schematic representation of the room-temperature synthesis of MOFs.

Overall, room-temperature synthesis represents a promising direction for greener MOF
production. Despite the highlighted challenges, ongoing research continues to refine this
approach, particularly in the context of scalable and industrially viable MOF and ZIF
synthesis.

2.4.3 Hot-press synthesis

Hot-press synthesis is a solid-state method that involves applying simultaneous heat and
pressure to chemical reagents, typically powders of metal salts and organic linkers, in the
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absence of solvents (Lemoisson and Froyen, 2005; Aslan, Bingol, and Tor, 2024). The
applied pressure promotes close contact between precursors, thereby accelerating nucle-
ation and growth (Yusuf, Malek, and Kailasa, 2022). Binding agents such as polyethylene
glycol (PEG) can also be introduced to hold the mixture of salt and ligand together during
synthesis(Publication I) .

A notable advantage of the hot-press method is its scalability, which makes it a candi-
date for industrial-scale MOF production (Irfan et al., 2025). In practice, the equipment
employed can range from simple laboratory setups, such as household irons, to advanced
industrial heat-press machines, underscoring both the versatility and scalability of the
approach (Figure 2.8). Additionally, by avoiding the use of large solvent volumes such
as DMF, hot-pressing simplifies post-synthetic activation, reduces chemical waste, and
makes the process more environmentally sustainable (Sahoo and Banik, 2020). Further-
more, its rapid one-step synthesis reduces the overall costs of production (Irfan et al.,
2025). The method is also widely employed for the direct synthesis of MOF-based coat-
ings on various substrates, as it enables controlled film formation.

Figure 2.8: Schematic representation of the hot-press synthesis of MOFs.

However, the process utilizes considerable energy during the hot-pressing step. Thus,
while the hot-press route is often described as a “green” alternative due to its solvent-free
character, its significant energy demand complicates a straightforward assessment of its
environmental sustainability. Moreover, the absence of solvent can lead to uneven crystal
formation and can also affect the size distribution and porosity of the resulting structures,
compared to conventional solvent-based approaches (Irfan et al., 2025).

2.4.4 Microwave assisted synthesis

Microwave-assisted synthesis presents several advantages over conventional thermal pro-
cessing. Unlike external heating, where energy is transferred gradually through vessel
walls, microwave irradiation induces direct interaction between the electromagnetic field
and polar solvent molecules (Figure 2.9(a)). This interaction produces rapid volumet-
ric heating of the reaction medium and can generate localized superheating zones. As
a result, thermal gradients and wall-heating effects common in conventional systems are
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substantially reduced (Y.-J. Zhu and F. Chen, 2014). Consequently, energy delivery to
the reactants is more efficient, which not only accelerates reaction kinetics but also short-
ens overall synthesis time. Furthermore, the more homogeneous distribution of energy
favors the formation of nanostructures with uniform particle size and morphology (Vakili
et al., 2018). These structural features are particularly advantageous in MOF, since en-
larged surface areas and well-controlled architectures enhance stability and expand their
applicability in catalysis, adsorption, and related fields. Importantly, microwave-assisted
synthesis can be applied across the major strategies already discussed. It enables advanced
solvothermal and hydrothermal synthesis, as well as solvent-free approaches where bind-
ing agents are used to assist framework formation, thereby offering a versatile platform
for MOF fabrication (Figure 2.9(c))(Publication II; Publication III) .

Initially, microwave synthesis was carried out using conventional multi-mode reactors.
These reactors operate in a manner similar to household microwave ovens, providing bulk
irradiation but offering limited control over reaction parameters such as temperature and
pressure (StonyLab, 2025). As the popularity of microwave synthesis increased, the need
for greater precision and reproducibility drove the development of advanced research-
grade reactors.

Figure 2.9: Microwave synthesis: (a) comparison of conventional and microwave synthe-
sis; (b) examples of multi- and single-mode reactors; (c) schematic representation of the
microwave synthesis of MOFs.
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One of the leading examples is the CEM Discover 2.0, a single-mode microwave reactor
designed for laboratory-scale synthesis (Corporation, 2020). In contrast to multi-mode
systems, which deliver non-uniform energy distribution leading to hot spots and variable
reaction outcomes, single-mode reactors focus the microwave field into a well-defined
cavity, ensuring uniform irradiation (Figure 2.9(b)) (W. Zhang et al., 2022). Additionally,
this instrument provides precise temperature and pressure control, reproducible heating
profiles, and integrated safety systems. It also incorporates supporting software with
touchscreen operation, real-time data logging, andin situ monitoring features such as
cameras and reaction condition plotting (Corporation, 2020). Together, these advances
have made it possible to perform microwave-assisted MOF synthesis under both ambient
and harsh conditions with high reproducibility.

Both conventional multi-mode and advanced single-mode reactors are still widely used
and are considered to be a part of process intensification strategies in MOF research (Peh
and Zhao, 2020). Although the scalability of microwave synthesis to industrial production
remains challenging, the field is progressing rapidly in parallel with MOF development
(Yusuf, Malek, and Kailasa, 2022).
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3 Advanced Synthesis Strategies and MOF-Derived Ma-
terials

3.1 Direct synthesis of MOFs

The synthesis of MOFs relies on the formation of coordination bonds that possess both
partial ionic and partial covalent character, reflecting the interaction between metal cen-
ters of low electronegativity and electron-donating organic linkers. In carboxylate-based
MOFs, the resulting metal–oxygen coordination bonds generally exhibit a higher degree
of ionic character, whereas in ZIFs, the metal-nitrogen coordination bonds formed with
imidazolate linkers tend to be stronger and more covalent. These primary coordination
bonds, together with secondary interactions such asp– p stacking between aromatic link-
ers, hydrogen bonding, and van der Waals forces, stabilize the extended frameworks and
facilitate the formation of highly crystalline, porous architectures.

The direct synthetic procedure typically follows several basic steps (Figure 3.1): (i) dis-
solution of metal salts, most commonly nitrates, acetates, or chlorides; (ii) dissolution
of the organic linker, whether carboxylate or imidazolate, in a solvent such as N,N-
dimethylformamide (DMF), diethylformamide (DEF), alcohols, or water; (iii) mixing of
the two solutions; (iv) framework assembly under conditions that generally range from
ambient to moderately elevated temperatures (often 20–250� C), with or without stirring;
(v) nucleation, crystallization, and subsequent growth of the MOF or ZIF; and finally,
(vi) post-synthetic washing to remove residual or trapped solvent molecules, typically
followed by an activation step to open the pore structure and ensure full accessibility of
the internal surface (O. M. Yaghi, Kalmutzki, and Diercks, 2019).

Figure 3.1: Schematic representation of the basic steps for the direct synthesis of MOF-
s/ZIFs.
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3.1.1 Modification of Face Masks with ZIF-8 Coating via Direct Synthesis

Zeolitic imidazolate framework-8 (ZIF-8) is one of the most widely studied and applied
members of the ZIF family (Bergaoui et al., 2021). It consists of Zn2+ nodes coordinated
by 2-methylimidazolate (mIm) linkers, with the chemical composition Zn(mIm)2 (O. M.
Yaghi, Kalmutzki, and Diercks, 2019). ZIF-8 has a well-defined pore system with high
surface area and molecular sieving ability. As a result, ZIF-8 forms a highly ordered
and stable framework and has found applications in gas storage and separation, water
treatment, electrochemistry, and photocatalysis (O. M. Yaghi, Kalmutzki, and Diercks,
2019; Bergaoui et al., 2021).

For mask modification inPublication I , ZIF-8 was directly synthesized and deposited
onto the substrates using the hot-pressin situ method reported by P. Li et al., 2019. This
approach was applied to different mask materials, including non-woven masks composed
of 100% polypropylene (PP) and woven masks made of 100% polyester.

A precursor compound was prepared by mixing 4.0 g of zinc acetate dihydrate, 10.0 g
of 2-methylimidazole, and 10 mL of PEG 600. For multilayer masks, the coating was
applied only to the inner filtration layer, excluding the skin layer. The precursor mixture
was deposited onto the mask substrates, which were then wrapped in aluminum foil and
hot-pressed at 110� C for one min per side using a household iron. The treated samples
were subsequently rinsed with ethanol, dried in an oven at 80� C for 30 min, and activated
by heating at 120� C for 6 h (Fig. 3.1).

Figure 3.2: Schematic representation of the modification of face masks with ZIF-8. Data
published inPublication I

3.1.2 Characterization and stability of ZIF-8 coatings

Initially, as reported inPublication I , various mask materials were investigated as po-
tential substrates for ZIF-8 deposition. Representativescanning electron microscope
(SEM) images obtained with Hitachi S-3400N equipped with X-ray spectroscopy (EDS)
(Figure 3.3(a,b)) show a homogeneous distribution of micro- and nano-sized ZIF-8 parti-
cles on both woven and nonwoven masks. This indicates that each substrate type provides
a suitable platform for the growth of ZIF-8. Since the choice of support material did not
affect deposition outcome, PP masks were selected for subsequent experiments, due to
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their widespread utilization and World Health Organization (WHO) recommendation as
effective filter material for respiratory protection.

As shown in Figure 3.3(c), crystals of various dimensions coexisted on the mask surface.
This difference in crystal size can be explained as based on synthesis conditions. Local-
ized and non-uniform heating during hot pressing promoted rapid nucleation, resulting
in numerous smaller ZIF-8 crystallites with a more uniform rhombic dodecahedral mor-
phology.

Despite the coexistence of crystals with different dimensions,EDSanalysis and elemental
mapping confirmed the presence of the expected components in ZIF-8: Zn, C, and N. The
oxygen signal can be attributed to residual PEG used in the synthesis, which may not have
been completely removed during activation (Figure 3.3(d,e)).

X-ray diffraction (XRD) patterns were collected using a Bruker D8 Advance diffrac-
tometer for mask substrates both before and after ZIF-8 deposition. The diffractogram of
the ZIF-8-coated PP mask is shown in Figure 3.3(d,e). Characteristic diffraction peaks of
ZIF-8 were observed at 7.4� , 10.4� , 12.7� , 14.7� , 16.4� , 18.0� , 22.1� , 24.5� , 26.7� , and
29.6� . These peaks correspond to those reported by Park et al., 2006 and Schejn et al.,
2014 for pure ZIF-8 nanocrystals, confirming the formation of the sodalite-type ZIF-8
framework with high crystallinity. Some variations in the relative intensities of specific
reflections were observed compared with pure ZIF-8, which can be attributed either to
preferred crystal orientation during growth on the PP substrate or to background contri-
butions from the PP support affecting peak clarity.

The chemical stability of the ZIF-8-modified masks was evaluated by exposing the sam-
ples to boiling water and steam, simulating standard sterilization conditions. XRD analy-
sis performed at regular time intervals demonstrated that the coatings retained their struc-
tural integrity throughout the treatments. A slight reduction in peak intensity was detected
after 60 min of boiling, which could be explained water adsorption into the pores of the
ZIF-8. No significant changes were observed for shorter boiling times or during steam
sterilization.

3.1.3 Motivation for further investigation

In summary, the coating analysis inPublication I demonstrated that direct hot-press syn-
thesis offers a practical and straightforward route for fabricating MOF-modified protective
materials. Although the coating procedure proved to be successful and systematically re-
peatable, SEM analysis clearly revealed that the crystals varied greatly in size and that
the coatings were unevenly distributed across the mask surfaces, regardless of whether
the substrate was woven or non-woven. These drawbacks represent a fundamental limita-
tion of the current approach and underscore the need for alternative strategies capable of
delivering uniform particle size distributions and homogeneous surface coverage.
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Figure 3.3: SEM images of ZIF-8 deposited on (a) nonwoven polypropylene and (b)
woven polyethylene substrates; (c) mixed morphology of ZIF-8 crystals; (d) rhombic
dodecahedral crystallites; (e) elemental mapping of the deposited framework; (f) EDS
analysis confirming elemental composition, published inPublication I .

3.2 Template-growth synthesis of MOFs

In addition to the drawbacks already identified inPublication I , the directin situ growth
method further suffers from poor adhesion of the MOF layer to the substrate, slow crystal-
lization kinetics, and limited control over coating thickness and morphology as outlined
in Publication III . To overcome these drawbacks, indirect synthesis strategies have been
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Figure 3.4: XRD analysis of PP mask materials: (a) comparison of uncoated and ZIF-
8–coated PP fabric; stability tests during (b) boiling and (c) steaming. Data published in
Publication I .

proposed, particularly those employing metal oxide- or hydroxide-based nanostructures
as self-sacrificing templates (Cai et al., 2017). This template-growth approach enables
more precise microstructural control and promotes the formation of hierarchically orga-
nized materials with numerous exposed active sites and high specific surface area (J. Zhou
et al., 2017).

This method has therefore gained considerable attention as a promising alternative to
directin situsynthesis. It typically involves several sequential steps identified inPublica-
tion II andPublication III (Figure 3.5): (i) pretreatment of the substrates with solvents
such as ethanol or acetone, or with 2-3 M of HCl, to remove impurities and improve
surface reactivity; (ii) preparation of metal salt solutions with homogeneous precipitation
agents, followed by immersion of the treated substrate; (iii) solvothermal or hydrother-
mal treatment to generate metal oxide or hydroxide nanostructures such as nanorods,
nanoflakes, nanosheets, or nanocubes; (iv) dissolution of the organic linker in an appro-
priate solvent and immersion of the nanostructure-coated substrate; (v) MOF growth on
the nanostructured surfaces, where the oxide or hydroxide phases act as self-sacrificing
templates for framework development; (vi) activation of the resulting hybrid structures,
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typically through conventional thermal treatments, to obtain the desired porous materials.

Figure 3.5: Schematic representation of the template-growth method for MOF synthesis.

3.2.1 Microwave assisted template-growth of ZIF-67 coatings on the carbon fiber

Zeolitic imidazolate framework-67 (ZIF-67) is another well-studied member of the ZIF
family. It has a structure similar to ZIF-8, but with Co2+ cations replacing Zn2+ in the
metal nodes, giving it the composition Co(mIm)2 (Bergaoui et al., 2021). ZIF-67 crystal-
lizes in a cubic sodalite-type topology with high structural stability, which underlies its
wide range of applications in gas storage, electrochemistry, catalysis, and organic com-
pound separation (G. Zhong, D. Liu, and J. Zhang, 2017). Notably, compared with ZIF-8,
the presence of Co2+ centers often results in comparable or slightly higher surface areas
and stronger host–guest interactions, making ZIF-67 particularly attractive for adsorption
and separation studies (Krokidas, Castier, and Economou, 2017).

In Publication III , carbon fibers (CF) were used as the structural platform due to the
combination of high tensile strength, resistance to chemical degradation, and relatively
large specific surface area. These properties provide a stable foundation for composite
design, particularly in areas where reusability and mechanical durability are essential.

The deposition of ZIF-67 on CF was performed by template-growth microwave synthesis
following the steps mentioned above. InPublication III , microwave-assisted synthesis
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was employed as a strategy to significantly shorten reaction durations while simultane-
ously facilitating the development of hierarchical composites with well-organized nanos-
tructured morphologies. The syntheses were carried out in a Discover 2.0 microwave
reactor (CEM Corporation). The deposition procedure is illustrated in Figure 3.6.

Figure 3.6: Schematic representation of the template-growth microwave-assisted synthe-
sis of ZIF-67. Data published inPublication III

Prior to modification, the CF substrates were subjected to a three-step ultrasonic cleaning
sequence. Each treatment stage lasted 10 min and was carried out successively in acetone,
ethanol, and a 2 M HCl solution. Following this treatment, surface contaminants were
effectively removed, and the fibers were rinsed with deionized water before being dried
at room temperature to prepare them for deposition Figure 3.7(a).

The next step involved the growth of a Co(OH)2 nanosheet on the CF surface Figure 3.7(b).
For this step, a methanolic precursor solution containing 0.1 M Co(NO3)2·6H2O and
0.05 M urea was employed. In contrast with the previous study of J. Zhou et al., 2017,
the use of methanol was particularly important for synthesis on fluorine-modified CF sub-
strates, whose hydrophobic surfaces prevent wetting in aqueous solutions. By enhancing
solvent–substrate interactions, methanol enabled complete immersion of the fibers into
the reaction mixture and thus facilitated uniform deposition.

The reactor was operated at a set power of 150 W with a target temperature of 200� C and
a maximum pressure limit of 20 bar. The reaction was maintained for 10 min, once the
system reached the predefined operating conditions, representing a substantial reduction
in processing time compared to conventional hydrothermal methods. For instance, com-
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Figure 3.7: Photographic image, shown next to a centimeter-scale ruler for reference,
illustrating surface changes of the sorbent at different stages of preparation: (a) bare
CF; (b) CF coated with Co-nanosheet (CoOH/CF); (c) hierarchical composite after in
situ growth of ZIF-67(Co) on the CoOH/CF substrate (ZIF-67(Co)/CoOH/CF). Data pub-
lished inPublication III

parable nanostructures typically require 12 hours at 90� C in an autoclave (J. Zhou et al.,
2017).

In practice, the reaction temperature stabilized at approximately 170� C, a value con-
strained by the maximum of 20 bar pressure settings. To remain within this limit, the
reactor regulated the applied microwave power in a pulsed mode, cycling between 0
and 150 W over short intervals. The monitored process parameters for the synthesis of
CoOH/CF are presented in Figure 3.8(a). This pulsed power regime strongly influences
both nucleation and crystal growth. The microwave irradiation phases supply the acti-
vation energy necessary for rapid nucleation, whereas the non-irradiation phases provide
conditions more favorable for controlled and ordered growth. The dynamic shift between
these phases results in nanosheet arrays with relatively uniform morphology. The result-
ing CoOH/CF structures were then washed sequentially with ethanol and deionized water
to eliminate residual reactants, and dried overnight at 70� C.

In the next stage, the nanosheets served as sacrificial structures to direct the crystallization
of ZIF-67. The CoOH/CF substrates were immersed in 25 mL water solution containing
1.5 M 2-methylimidazole and 2.5 mL of triethylamine (TEA). For this stage, the reaction
was carried out using a standard microwave-assisted protocol. The reaction temperature
was set at 70� C, with an initial input of 150 W applied to rapidly reach the set point.
Once the desired temperature was reached, the system operated at 0-20 W under a mild
pressure of 0.2 bar (Figure 3.8(b)). The total reaction time was 2 h, which is considerably
reduced compared to the durations typically required by conventional synthesis routes for
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ZIF-67(Co), as reported in earlier studies (Y. Zhang et al., 2019; Qu et al., 2023; Q. Wang
et al., 2022).

Figure 3.8: Process monitoring during microwave-assisted synthesis: time-dependent
profiles of temperature and applied microwave power for (a) CoOH/CF formation and
(b) subsequent growth of ZIF-67(Co)/CoOH/CF. Data published inPublication III

The successful formation of the composite was evident by a distinct color change in the
material, which turned violet, as shown in Figure 3.7(c). After completion, the ZIF-
67/CoOH/CF composites were rinsed thoroughly with ethanol and deionized water to
remove unbound byproducts, and dried overnight at 70� C to ensure complete removal of
the residual solvents.

3.2.2 Characterization of ZIF-67 coatings

High-resolution imaging of the samples surface was performed using a JEOL JSM-7900F
field-emissionSEM (FE-SEM). SEM images were collected at an accelerating voltage of
1 kV with a probe current of 20 pA, using both an in-chamber secondary electron detector
and a backscattered electron detector.Transmission electron microscopy (TEM)was per-
formed at 100 kV on a Hitachi High-Tech HT7700 instrument equipped with a tungsten
filament (Figure 3.9). SEM and TEM analyses revealed a vertically aligned nanosheet-
dominated architecture in CoOH/CF with a high degree of ordering (Figure 3.9(b)). This
arrangement provided a larger accessible surface area and simultaneously functioned as a
self-sacrificial source of Co2+ cations and a structural scaffold for subsequent deposition
of ZIF-67 (Co). After transformation, the ZIF-67(Co)/CoOH/CF composite exhibited a
hierarchically porous surface morphology with uniformly distributed rhombic dodecahe-
dral ZIF-67 particles (Figure 3.9(c)).

EDS spectra were obtained using a Hitachi S-3400N SEM equipped with an EDS de-
tector, operated at an accelerating voltage of 20 kV, for bare CF, CoOH/CF, and ZIF-
67(Co)/CoOH/CF composites (Figure 3.10(a)). A gradual emergence of distinct Co, O,
and N signals was observed, demonstrating the hierarchical functionalization of the CF
surface. Elemental mapping (Figure 3.9(d)) further verified that cobalt was uniformly
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Figure 3.9: Morphological and compositional characterization of the composites: (a-
c) SEM images and, where relevant, complementary TEM images that highlight
the nanoscale structural features, of : (a) bare CF, (b) CoOH/CF, and (c) ZIF-
67(Co)/CoOH/CF; (d) EDX elemental mapping of ZIF-67(Co)/CoOH/CF, illustrating the
uniform distribution of key elements across the fiber surface. Data published inPublica-
tion III

distributed throughout the fiber network. A decrease in fluorine signal intensity was also
detected, suggesting that surface F groups initially present on bare CF were partially re-
moved or masked during the modification process. The residual fluorine is expected to
contribute to maintaining the hydrophobic properties of the final ZIF-67(Co)/CoOH/CF
composite.

XRD patterns were collected to assess crystallinity and verify the presence of expected
structural phases, using a Bruker D8 Advance diffractometer equipped with a sealed cop-
per tube source producing Cu Ka radiation (l = 1.5406 Å). As shown in Figure 3.10(b),
all samples displayed strong reflections at approximately 26.39� and 54.37� , correspond-
ing to the (002) and (004) planes of graphitic carbon in the CF substrate (PDF 00-041-
1487) (L. Li et al., 2024). Additional peaks at 18.09� , 31.56� , and 36.58� , indexed to the
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Figure 3.10: Summary of structural and physicochemical analyses of the studied materi-
als: (a) EDX analysis, (b) XRD diffractograms, (c) FT-IR spectra, (d) thermogravimetric
(TGA) curves, (e) Kr isotherms; (f) pore size distribution of ZIF-67(Co)/CoOH/CF from
N2 data (inset). Data published inPublication III

(100), (110), and (200) planes, are consistent with the PTFE surface treatment applied
to the CF (PDF 00-060-1504) (Riley et al., 2021). Two weaker reflections at 34.37� and
48.12� can be assigned to polyoxyethylene (PDF 00-064-1486), which likely originates
from residual PEG-based additives commonly used in PTFE coating formulations as dis-
persants, surfactants, or binders to improve coating homogeneity on hydrophobic carbon
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substrates. For the CoOH/CF sample, two additional diffraction peaks were observed at
10.29� and 20.47� , which can be indexed to the (003) and (006) planes ofa -Co(OH)2.
These reflections were slightly shifted relative to the reference pattern (JCPDS 46-0605:
9.6� and 19.3� ) (B. Cao et al., 2019). Such deviations suggest minor modifications in the
structure, likely arising from variations in interlayer spacing due to intercalated species,
residual solvent molecules, or lattice strain induced during synthesis. The XRD pattern
of ZIF-67(Co)/CoOH/CF exhibited sharp and well-defined reflections at 7.51� , 10.53� ,
12.89� , 14.87� , 16.63� , 18.21� , 26.69� , 29.82� , 31.61� , and 32.5� . These peaks corre-
spond to the (011), (002), (112), (022), (013), (222), (134), (044), (244), and (235) planes,
respectively, in close agreement with the reference pattern of ZIF-67 (JCPDS card No.
43-0144) (Q. Wang et al., 2022). The strong correspondence between experimental and
reference data demonstrates that ZIF-67(Co) crystallized successfully on the CoOH/CF
substrate, with peak sharpness further indicating good crystallinity.

The bonding characteristics and chemical structure of the sorbents were investigated by
Fourier-transform infrared spectroscopy (FT-IR) . Measurements were performed on
a PerkinElmer spectrometer equipped with a universal diamond ATR module, record-
ing spectra over the range 400–4000 cm� 1 (Figure3.10(c)). The FT-IR spectrum of the
CF/PTFE substrate shows distinct absorptions at 1202 and 1148 cm� 1, corresponding
to the asymmetric and symmetric stretching of C–F bonds in CF2 groups. Additional
bands at 638, 553, and 499 cm� 1 are characteristic of CF2 wagging and deformation vi-
brations (Bhullar, Çelik Bedelŏglu, and Jun, 2014). As expected, no clear absorptions
related to the carbon fiber core were detected, since C–C vibrations in graphitic lattices
occur over broad ranges and are not IR-active in a straightforward manner. As mentioned
above, the presence of the carbon lattice is more reliably confirmed by XRD. The FT-
IR spectra therefore indicate that the detected signals originate primarily from the PTFE
surface coating. Subsequently, the CoOH/CF sample exhibits spectral features consistent
with the formation of cobalt hydroxide decorated by carbonate species. A broad absorp-
tion at 3445 cm� 1 corresponds to O–H stretching vibrations from Co–OH groups and
adsorbed water, while the peak at 1628 cm� 1 arises from H–O–H bending of interlayer
or surface water molecules. Two weaker absorptions at 2924 and 2823 cm� 1 are assigned
to C–H stretching, most likely from residual methanol or trace organic by-products of
urea decomposition. Bands at 1380, 1035, 825, 742, and 694 cm� 1 are assigned to car-
bonate (CO32� ) vibrations, suggesting partial incorporation of carbonate anions into the
Co(OH)2 lattice (Rahimi-Nasrabadi et al., 2017). These species most likely originate
from CO2 released during urea hydrolysis, consistent with the formation of cobalt hy-
droxycarbonate intermediates. A weak band at 1530 cm� 1 can reasonably be attributed
to residual urea. Finally, an absorption near 553 cm� 1 is associated with Co–O/Co–OH
lattice vibrations, with possible overlap from CF2 bending modes originating from the
PTFE substrate. Together, these data confirm that the CoOH/CF sample primarily con-
sists of cobalt hydroxide phases with surface-bound carbonate species and minor urea
residues, in line with the expected outcomes of a urea-assisted precipitation route. The
spectrum of ZIF-67/CoOH/CF (purple curve, Figure 3.10(c)) displays new absorptions
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characteristic of the 2-methylimidazolate linker. Strong peaks at 1576 and 1416 cm� 1

correspond to C=N and C=C stretching of the imidazolate ring, while features at 1304
and 1141 cm� 1 arise from C–N stretching vibrations. Additional ring-related modes are
observed at 992, 755, and 693 cm� 1, corresponding to C–H wagging and out-of-plane
bending. A distinct band at 424 cm� 1 is attributed to Co–N stretching, confirming coordi-
nation between cobalt nodes and the imidazolate ligand (Y. Zhang et al., 2019). Relative
to the CoOH/CF spectrum, the disappearance of carbonate- and hydroxide-related fea-
tures, coupled with the emergence of imidazolate vibrations, demonstrates the effective
conversion of Co(OH)2 nanosheets into ZIF-67. This transformation verifies the suc-
cessful formation of Co–N coordinated framework uniformly grown on the carbon fiber
support.

The thermal stability of the samples was investigated bythermogravimetric analysis
(TGA) under flowing nitrogen at 40 mL/min using a NETZSCH STA 449C instrument.
Approximately 5� 0.1mg of material was placed in an alumina pan and heated from 25� C
to 900 � C at a constant rate of 10� C/min. All samples exhibited a significant weight
loss in the temperature range of 500–600� C. This can be attributed to the decomposi-
tion of surface-bound organic groups, including PTFE fragments, imidazolate ligands,
and residues derived from urea, and with the release of volatile species (Figure 3.10(d)).
The total mass losses in this region were approximately 21%, 24%, and 23% for CF,
CoOH/CF, and ZIF-67(Co)/CoOH/CF, respectively. Above 600� C, no further significant
mass changes were observed, indicating the completion of major decomposition process
and the beginning of thermal stabilization. At the final temperature of 900� C, the resid-
ual masses were 77% for CF, 73% for CoOH/CF, and 75% for ZIF-67(Co)/CoOH/CF.
These high residual fractions are consistent with the thermally robust graphitic structure
of the carbon fiber backbone, which remains largely intact under inert atmosphere, even
at elevated temperatures.

In summary, the results indicate that the relative thermal stability follows the order:
CoOH/CF < ZIF-67(Co)/CoOH/CF < CF. This outcome corresponds the expectations,
as the CF matrix dictates the bulk stability, while the added coatings introduce only minor
contributions to the overall thermal degradation profile.

Kr and N2 adsorption isotherms were measured at –196� C using a Micromeritics 3Flex
3500 analyzer.Specific surface areaswere determined from the adsorption data using
theBrunauer–Emmett–Teller (BET) method, while pore size distributions were derived
by density functional theory (DFT) analysis in MicroActive v7.00 software, assuming
cylindrical pores and employing a DFT kernel developed for pillared clays.

As shown in Figure 3.10(e), the pristine carbon fiber (CF) exhibited a specific surface
area of approximately 0.68 m2 g� 1, which increased to 1.1 m2 g� 1 following the deposi-
tion of the CoOH nanosheet layer. Subsequent growth of the ZIF-67(Co) framework on
the CoOH/CF substrate resulted in a substantial increase to 19.2 m2 g� 1, confirming the
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dominant contribution of the porous ZIF-67(Co) phase. Gravimetric analysis revealed a
mass increase of 1.62 wt.% after ZIF-67(Co) deposition, from which the intrinsic surface
area of the framework was estimated to exceed 1100 m2 g� 1.

The pore size distribution (Figure 3.10(f)) indicated that the composite is predominantly
microporous, with pore widths ranging from 1.0 to 1.4 nm. This is consistent with the
sharp adsorption increase at low relative pressures in the N2 isotherm, characteristic of
microporous materials.

The surface chemistry and elemental binding states of the samples were analyzed byX-
ray photoelectron spectroscopy (XPS)(Nexsa, Thermo Scientific, USA). A monochro-
matic Al Ka X-ray source (hn = 1486.6 eV) was employed for excitation, while a dual-
mode flood gun (electrons and Ar+ ions) was used to ensure charge compensation. Data
acquisition and processing were performed using Thermo Avantage v6.10 software.

The oxidation states and chemical environments of the metal ions were examined from
both survey and high-resolution spectra (Figure 3.11). Binding energy calibration was
carried out by referencing the C–C component of the C 1s peak to 284.8 eV. Survey and
core-level spectra were recorded at pass energies of 200 eV and 50 eV, respectively. Peak
deconvolution was performed using Voigt line shapes with a Lorentzian-to-Gaussian ratio
of approximately 30:70, and the inelastic background was corrected using the Shirley
method. Given the shallow information depth of XPS (typically a few nanometers), the
technique is particularly effective for confirming surface composition and verifying the
successful deposition of CoOH and ZIF-67(Co) layers (Table 3.1).

Table 3.1: Atomic concentrations of Co, O, N, C, and F elements in CF, CoOH/CF, and
ZIF-67(Co)/CoOH/CF samples as determined from the XPS survey spectra. Data pub-
lished inPublication III

Sorbent Co (%) O (%) N (%) C (%) F (%)
CF – 1 – 41 58
CoOH/CF 16 43 6 21 14
ZIF-67(Co)/CoOH/CF 6 5 19 59 11

The interpretation of Co 2p spectra in oxides containing mixed-valence Co2+ /Co3+ species
is inherently complex due to the pronounced multiplet splitting characteristic of 3d transi-
tion metal oxides (Biesinger et al., 2011), as well as the overlapping Co LMM and O KVV
Auger features observed under Al Ka (hn = 1486.7 eV) excitation (Fantin, Roekeghem,
and Benayad, 2022; Cabrera-Germán, Gomez Sosa, and Herrera-Gomez, 2016). Co 2p3=2
spectra of the CoOH and ZIF-67(Co) samples exhibit a distinct difference in the 786–788
eV region (Figure 3.11(b)). To interpret this variation, the spectra were fitted using the
multiplet structures of Co(OH)2 and Co3O4 as proposed by Biesingeret al. (Biesinger
et al., 2011). In this fitting model, the Co(OH)2 components represent Co2+ species,
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while Co3O4 accounts for a mixed Co2+ /Co3+ environment. The Co(OH)2 peaks are
highlighted in red and the Co3O4 components in green in Figure 3.11(b), with a broad
feature at lower binding energies corresponding to the Co LMM Auger transition. The
fitted results indicate a higher Co3+ /Co2+ ratio for CoOH/CF. Previous studies by Fantin,
Yang, and Petitto have shown that the enhancement of the 785–788 eV feature correlates
with increased Co2+ content (Fantin, Roekeghem, and Benayad, 2022; Yang et al., 2010;
Petitto and Langell, 2004), consistent with the present findings.

Figure 3.11: XPS survey (a) and high-resolution spectra of (b) Co 2p3=2, (c) N 1s/O 1s,
and (d) C 1s regions for all studied samples. Data published inPublication III

The C 1s spectrum of pristine CF (Figure 3.11(d)) is dominated by an asymmetric sp2

C–C peak at 284.0 eV, accompanied by ap– p � shake-up satellite near 291 eV. Signals as-
sociated with the PTFE surface treatment appear at 292.0 eV (CF2) and 286.3 eV (C–CF),
while a weak feature near 294 eV corresponds to CF3 groups or the high-energy tail of the
shake-up peak (Golub, Lopata, and Finney, 1994). A minor contribution at 288.0 eV is
attributed to C=O species. After CoOH deposition, the Co atomic fraction increased from
0 to 16 at.% (Table 3.1), and the C 1s envelope changed markedly: the sp2 C–C intensity
decreased, the CF2 signal diminished by roughly half, and new components appeared at
284.8 eV (C–C/C–H), 285.5 eV (C–O), 286.4 eV (C–N), and 288.0 eV (C=O). These
features confirm the formation of hydroxylated and cobalt-containing surface species, in
agreement with FT-IR results.
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The subsequent growth of ZIF-67(Co) on CoOH/CF is evidenced by the decreased sur-
face concentrations of Co and O and the concurrent increase in N and C contents (Ta-
ble 3.1). The N 1s spectrum of ZIF-67(Co)/CoOH/CF shows a dominant pyridinic-N
peak at 398.8 eV and a weaker component at 400.5 eV corresponding to C–N/C–O bonds,
whereas pyridinic-N is absent in CoOH/CF (Artyushkova et al., 2007). The O 1s spectrum
of CoOH/CF contains components at 531.1 eV (C=O) and 532.2 eV (Co–OH), while for
ZIF-67(Co)/CoOH/CF an additional feature appears at 529.8 eV, assigned to Co–O bonds
(Mattson et al., 2016; Petitto and Langell, 2004), together with a high-binding-energy
component at 533.5 eV attributed to O–N species. The F 1s signal at 689.0 eV, char-
acteristic of PTFE (Golub, Lopata, and Finney, 1994), remains visible but with reduced
intensity, further confirming the sequential deposition of CoOH and ZIF-67(Co) layers on
the CF substrate.

3.2.3 Stability of ZIF-67(Co)/CoOH/CF composite

The practical applicability of MOF-based sorbents strongly depends on their mechanical
and chemical robustness. Even if excellent crystallinity and porosity are achieved dur-
ing synthesis, weak adhesion to substrates or poor resistance to environmental stress can
limit real-world performance. Therefore, the durability of the ZIF-67(Co) coatings was
systematically evaluated under mechanical, chemical, and thermal stress conditions.

Themechanical durability of the ZIF-67(Co) coating was evaluated using a tape-peeling
procedure. In this test, a carbon tape was pressed onto the sorbent surface and peeled away
to simulate the effect of abrasion. The resulting surfaces were examined with a wide-
area 3D measurement system (Keyence VR-3000), which generated topographic maps to
identify delamination regions or surface defects (Figure 3.12(a,b)). The analysis indicated
partial detachment of the outermost layer, demonstrating that the coating is sensitive to
mechanical removal.

The chemical and structural stability of the coating was further assessed through ul-
trasound assisted experiments. The samples were immersed in distilled water, artificial
seawater (0.6 M NaCl solution), and diesel, followed by sonication for 30 min. To sim-
ulate extreme thermal stress, an additional test was performed by immersing the samples
in boiling water for 30 min.

After each stability treatment, the samples were dried and analyzed by XRD to evalu-
ate changes in crystallinity or phase composition (Figure 3.12(c)). The analysis did not
reveal any significant changes in the peak intensity of ZIF-67(Co)/CoOH/CF after sonica-
tion in distilled water or artificial seawater, confirming crystallinity retention under these
conditions. However, exposure to diesel resulted in a slight decrease in peak intensity,
most likely due to hydrocarbon adsorption into the porous framework, which attenuates
the diffraction signal. Immersion of ZIF-67(Co)/CoOH/CF in boiling water resulted in
decomposition, highlighting the sensitivity of ZIF-67(Co) to hydrothermal stress despite
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Figure 3.12: stability experiments: (a, b) wide-area 3D surface mapping of the composite
prior to and following the carbon tape-peeling test; (c) XRD analysis after ultrasound-
assisted and boiling water stability tests. Data published inPublication III

its general thermal stability, as demonstrated by TGA. In summary, ZIF-67(Co) coat-
ings exhibited moderate mechanical stability but retained structural integrity in aqueous
and saline environments, with only minor variations under harsher conditions, confirming
their potential as stable coatings for practical applications.

3.2.4 Motivation for further investigation

In summary, the characterization and stability results achieved inPublication III demon-
strate that a hierarchical ZIF-67(Co)/CoOH/CF composite was successfully synthesized
through a two-step template-assisted microwave strategy. The process enabled rapid for-
mation of Co(OH)2 nanosheet arrays and their subsequent transformation into ZIF-67
nanocrystals, resulting in a composite with nanoscale crystallites, microporosity, and
strong integration with the carbon fiber substrate. These results establish template growth
as an effective and versatile method for producing stable MOF coatings and at the same
time highlight its potential as a platform for exploring new directions in the controlled
design of advanced functional materials.
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3.3 Template-growth synthesis of MOF-derived composites

MOF-derived porous composites have emerged as a rapidly expanding research field due
to their relative ease of preparation and the ability to systematically tailor their properties
for diverse applications. MOF-derived processing enabling precise control over morphol-
ogy, phase composition, and physicochemical characteristics. This approach relies on us-
ing MOFs as sacrificial templates, which upon transformation give rise to a wide spectrum
of functional porous materials. Examples include MOF-derived carbons, metal or metal
oxide nanoparticles, sulfides, phosphides, as well as composite structures, all of which
exhibit features such as hierarchical porosity, uniform dispersion of active phases, and
tunable electronic structures that are difficult to achieve by traditional synthesis. Given
the wide technological potential of these materials, continued in-depth investigation of
their structural, mechanical, physicochemical, electrochemical, and electronic properties
remains a research priority (Payam, Khalil, and Chakrabarti, 2024).

The synthesis of such derivatives typically follows either direct or template-assisted MOF
growth, followed by a controlled post-treatment step. Processes such as pyrolysis or laser
irradiation decompose and reorganize the parent framework, generating functional porous
composites with tailored nanostructure and enhanced performance (Figure 3.13).

3.3.1 Microwave- and laser-assisted synthesis of MOF-74 derived composite

Template-growth synthesis of metal–organic framework-74(Ni) (MOF-74(Ni)) and its
derivative structures was investigated inPublication II . MOF-74(Ni) is a well-established
member of the MOF-74 family. Its structure features hexagonal one-dimensional channels
with uniform pores, providing a large accessible surface area and a high density of Ni2+

sites that become coordinatively unsaturated after activation (Hong and Kim, 2021). In
addition to its intrinsic properties, MOF-74(Ni) is valued as a precursor for MOF-derived
composites(Publication II) . These MOF-derived materials can retain high surface area,
display improved conductivity, and exhibit enhanced catalytic activity. Such derivatives
have demonstrated utility in electrocatalysis, energy storage devices such as batteries and
supercapacitors, and environmental remediation. This versatility underscores the role of
MOF-74(Ni) as a robust and adaptable platform for designing advanced catalytic and
energy-related materials (Mohtaram et al., 2025).

The preparation procedure of the catalyst is presented in Figure 3.14. Nickel foam (NF)
was chosen as the supporting substrate owing to its good electrical conductivity, high
surface-to-volume ratio, and cost-effectiveness. Before deposition, NF substrates were
subjected to sequential ultrasonic cleaning for 10 min in acetone, absolute ethanol, and
3 M HCl. This pretreatment removed surface impurities and the native oxide layer, after
which the NF was rinsed with deionized water and dried under ambient conditions to
obtain a clean substrate for subsequent deposition.
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Figure 3.13: Schematic representation of the template-growth method for the synthesis of
MOF-derived composites.

The initial deposition stage involved the growth of Ni(OH)2 nanosheet arrays on the NF
substrates, functioning as sacrificial templates for the later synthesis of MOF-74(Ni). For
this purpose, an aqueous solution containing 0.05 M Ni(NO3)2·6H2O and 0.1 M urea was
prepared, into which the NF substrates were immersed. Microwave-assisted synthesis was
carried out in a CEM Discover 2.0 reactor under 150 W power, with heating to 200� C
for 30 min. After the reaction, the obtained NiOH/NF samples were rinsed with ethanol
and deionized water, and subsequently dried overnight at 50� C to ensure the removal of
residual solvents. The nanosheets synthesized in just 30 min exhibited an average pore
size of 6–7 nm, nearly 24 times faster than the 12 h process reported by Yi et al., 2021,
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Figure 3.14: Schematic representation of the microwave- and laser-assisted synthesis of
MOF-74 derived composite. Data published inPublication II

and with pores approximately 10–13 times smaller than those obtained by J. Cao et al.,
2020.

In the second step, MOF-74(Ni) was grown directly onto the NiOH/NF framework through
an in situ microwave-assisted process. The NiOH/NF substrates were immersed in a pre-
cursor solution composed of 25 mL DMF, 0.1 g 2,5-dihydroxyterephthalic acid, 2.5 mL
ethanol, and 2.5 mL deionized water. Microwave synthesis was performed at 150 W and
130 � C for 1 h. The resulting MOF-74(Ni)/Ni(OH)2/NF composites were washed re-
peatedly with ethanol and water, then dried at 85� C for 12 h. This procedure yielded
MOF-74(Ni) with average pore sizes of 4–5 nm in only 1 h, compared with 24 h typi-
cally required by solvothermal methods, which also tend to produce significantly larger
particles (S. Chen et al., 2015).

The final synthesis step involved laser post-treatment of MOF-74(Ni)/NiOH/NF using a
Snapmaker A350T system at wavelength of 405 nm and laser power of 1.6 W. Process-
ing was carried out at a fill interval of 0.05mm and a working speed of 500 mm/min,
with power adjusted as needed. Samples were irradiated from both sides under ambient
conditions, with the laser positioned 2 mm above the substrate surface. The treated mate-
rials, designated as Ni3O4/Ni3O4/NF, were subsequently ultrasonically cleaned in ethanol
and dried overnight in a convection oven at 50� C. The progressive color transformations
observed during each synthesis stage are shown in Figure 3.15.
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Figure 3.15: Photographic image, shown next to a centimeter-scale ruler for reference,
representing surface changes of the sorbent at different stages of preparation: (a) bare
NF; (b) NF coated with Ni-nanosheet (NiOH/NF); (c) hierarchical composite after in situ
growth of MOF-74(Ni) on the NiOH/NF substrate (MOF-74(Ni)/NiOH/NF); (d) laser-
assisted treatment resulting in MOF-74 derived composite (Ni3O4/Ni3O4/NF). Data pub-
lished inPublication II

Laser treatment provided a rapid and efficient post-synthesis modification route, com-
pleting the transformation within 15 min without inducing particle agglomeration (Fig-
ure 3.15(d)). In contrast, conventional thermal post-treatments typically require 2–3 h at
350–400 � C and frequently lead to aggregation, highlighting the advantage of laser-based
methods in preserving structural integrity while greatly reducing processing time.

3.3.2 Characterization of MOF-74(Ni)-based coatings

SEM analysis, obtained with Hitachi S-3400N equiped with EDS, was employed to
characterize the morphology of the synthesized catalysts (Figure 3.16). The as-prepared
NiOH/NF displayed well-ordered nanosheet arrays with vertical alignment and a large
surface-to-volume ratio (Figure 3.16(a)). This coating served a dual function: acting as a
sacrificial precursor of Ni ions and simultaneously as a structural template for the growth
of MOF-74(Ni)/NiOH/NF (Figure 3.16(b)). Both low- and high-magnification SEM im-
ages confirmed that MOF-74(Ni)/NiOH/NF possesses a highly porous surface composed
of rice-shaped micro-rods grown on the NiOH nanosheets, thereby inheriting their hierar-
chical arrangement. Upon laser treatment, residual solvents and loosely bound structures
were effectively removed from the catalyst surface. The resulting Ni3O4/Ni3O4/NF pre-
sented nanoscale particles distributed uniformly throughout the nanosheet skeleton (Fig-
ure 3.16(c)).

Figure 3.17 shows theEDS spectraof the as-prepared catalysts, namely NiOH/NF, MOF-
74(Ni)/NiOH/NF, and Ni3O4/Ni3O4/NF. The spectra confirm Ni, C, and O as the primary
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Figure 3.16: SEM analysis of: (a) NF coated with Ni-nanosheet (NiOH/NF); (b) hierar-
chical composite after in situ growth of MOF-74(Ni) on the NiOH/NF substrate (MOF-
74(Ni)/NiOH/NF); (c) laser-assisted treatment resulting in MOF-74 derived composite
(Ni3O4/Ni3O4/NF); (d) EDS SPECTRA OF MOF-74(Ni)-derived composite. Data pub-
lished inPublication II

elements present in all samples. Elemental mapping (Figure 3.16(d)) further demonstrates
their uniform spatial distribution, indicating that the composites possess homogeneous
composition and well-integrated architectures across the different synthesis stages.

PANalytical Empyrean 3 diffractometer equipped with a PIXcel3D-Medipix3 detector
was utilized to conductXRD analysis. Samples were deposited on a Si zero-background
holder, while poly-capillary optics were employed to define the incident beam with di-
mensions of 1 mm in height and 8 mm in width. XRD analysis was employed to evaluate
the crystallinity and phase composition of the synthesized catalysts (Figure 3.17(b)). All
the samples exhibited intense diffraction peaks at 44.5� and 52.2� , characteristic of the un-
derlying NF substrate. For NiOH/NF, distinct reflections were observed at 19.7� , 33.1� ,
38.8� , and 59.2� , corresponding to the (001), (100), (101), and (110) planes of crystalline
Ni(OH)2 (Du et al., 2018). Following in situ growth of MOF-74(Ni), two additional
low-angle peaks appeared at 6.8� and 11.9� , indexed to the (210) and (300) planes of
the MOF-74(Ni) framework (Xie et al., 2020), confirming its successful formation on the
NiOH nanosheet template. Subsequent laser treatment caused a pronounced attenuation
of these MOF-related signals, consistent with framework decomposition, while new re-
flections emerged at 37.4� and 43.3� , which can be assigned to the (111) and (200) planes
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of crystalline NiO (Nakatsuka et al., 2018). Phase identification of the intermediates and
final products – NiOH/NF, MOF-74(Ni)/NiOH/NF and Ni3O4/Ni3O4/NF – was validated
by comparison with the corresponding powder diffraction files (PDF 04-012-5845, PDF
00-065-0862, and PDF 00-004-0835). Variations in peak sharpness and relative intensi-
ties further indicate differences in crystallite size, lattice defect density, and overall degree
of crystallinity across the successive transformations (Xie et al., 2020).

The bonding characteristics and chemical composition of the catalysts were examined by
FT-IR spectroscopy(Figure 3.17(c)). Spectra were collected on a PerkinElmer spectrom-
eter equipped with a universal diamond ATR module over the 400–4000 cm� 1 range. For
NiOH/NF, a characteristic band at 521 cm� 1 is attributed to Ni–O–H bending and Ni–O
stretching vibrations, confirming the formation of nickel hydroxide. Additional features
include a band at 1632 cm� 1, arising from H–O–H bending vibrations of adsorbed wa-
ter molecules (Halder et al., 2018), and a sharp peak at 3640 cm� 1 corresponding to the
free O–H stretching vibration, further evidencing the presence of Ni(OH)2 (Hayat, Mane,
et al., 2019). The spectrum of MOF-74(Ni) displayed its characteristic set of absorption
bands at 1560, 1411, 1360, 1243, 1199, 1124, 887, 825, 633, and 588 cm� 1 (C. Chen et
al., 2019), which can be assigned to C=O stretching of carboxylates, C–O stretching, and
out-of-plane bending modes of the organic linker. Upon laser exposure, the MOF-related
peaks diminished significantly, evidencing structural modification of the framework. For
the final Ni3O4/Ni3O4/NF material, a sharp peak was detected at 447 cm� 1, which cor-
responds to Ni–O stretching vibrations and confirms the dehydration of Ni(OH)2 to form
NiO (Hayat, Mane, et al., 2019; Gogoi, Saikia, and Dolui, 2015).

The thermal stability of the samples was evaluated byTGA under flowing nitrogen (40
mL/min) using a NETZSCH STA 449C instrument. Approximately 5� 0.1 mg of each
material was loaded into an alumina pan and heated from 25� C to 900� C at a constant
rate of 10� C/min. As shown in Figure 3.17(d), a minor weight loss occurred in the range
of 25–100 � C, which can be attributed to the removal of physically adsorbed water. A
more significant decomposition step was observed between 200 and 450� C, correspond-
ing to the release of volatile organic components and the degradation of the framework.
Based on the overall weight-loss profiles, the relative thermal stability of the samples
can be ranked as follows: MOF-74(Ni)/NiOH/NF < Ni3O4/Ni3O4/NF < NiOH/NF. The
larger mass loss of MOF-74(Ni)/NiOH/NF reflects the intrinsic susceptibility of the or-
ganic framework to thermal decomposition. By contrast, the laser-derived Ni3O4/NF ex-
hibited suppressed weight loss and a more stable thermal profile, demonstrating that laser
modification effectively improved the overall stability of the composite compared to its
MOF precursor.

Nitrogen adsorption–desorption isotherms were employed to evaluate the surface area
and pore size distribution of the synthesized catalysts, analyzed using theBET and Bar-
rett–Joyner–Halenda (BJH) approaches, respectively, utilizing Micromeritics 3Flex.
The pore size distribution (Figure 3.17(e)) indicates that all samples show clear peaks



62

Figure 3.17: Characterization of the substrates: (a) EDS; (b) XRD; (c) FT-IR; (d) TGA;
(e) pore-size distribution, and (f) N2 adsorption-desorption isotherms. Data published in
Publication II

in the 2–5 nm range, suggesting the presence of mesopores. The adsorption isotherms
(Figure 3.17(f)) yielded BET surface areas of 6.68 m2/g for NiOH/NF, 31.76 m2/g for
MOF-74(Ni)/NiOH/NF, and 14.83 m2/g for Ni3O4/Ni3O4/NF. The relatively low values
obtained for NiOH/NF and MOF-74(Ni)/NiOH/NF compared to literature reports Yi et
al., 2021 and C. Chen et al., 2019 can be attributed to the influence of the NF support
mass, since BET data were calculated for the total electrode rather than the active cata-
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lyst fraction. Interestingly, the BET surface area of Ni3O4/Ni3O4/NF is consistent with
previous reports on MOF-derived composites subjected to laser treatment, as those mea-
surements were likewise performed on the entire substrate (Tang et al., 2021).

(XPS)was employed to examine the oxidation states and chemical environments of nickel
species in the synthesized catalysts. Measurements were performed on a Nexsa spec-
trometer (Thermo Fisher Scientific, Brno, Czech Republic) equipped with a monochro-
matic Al Ka source (1486.6 eV). The wide-scan survey spectra of NiOH/NF, MOF-
74(Ni)/NiOH/NF, and Ni3O4/Ni3O4/NF are presented in Figure 3.18(a).

High-resolution deconvoluted Ni 2p spectra are shown in Figure 3.18(b)–(d). For NiO-
H/NF (Figure 3.18(b)), two main peaks centered at 856.5 and 874.2 eV correspond to Ni
2p3/2 and Ni 2p1/2, respectively, consistent with Ni3+ oxidation states (J.-J. Zhou et al.,
2022). In the MOF-74(Ni)/NiOH/NF sample (Figure 3.18(c)), the Ni 2p peaks appeared
slightly shifted to lower binding energies (856.1 and 873.9 eV), but still characteristic of
Ni3+ (S. Chen et al., 2015). After laser treatment, the Ni3O4/Ni3O4/NF composite (Fig-
ure 3.18(d)) displayed a combination of Ni2+ (853.9 and 861.1 eV) and Ni3+ (855.7 and
873.2 eV) oxidation states. This mixed-valence state is consistent with the spinel Ni3O4
phase and confirms that laser irradiation promoted partial reduction of Ni3+ to Ni2+ while
retaining a proportion of Ni3+ centers (J.-J. Zhou et al., 2022; Nakatsuka et al., 2018;
Dubey et al., 2018). The O 1s and C 1s spectra of NiOH/NF, MOF-74(Ni)/NiOH/NF, and
Ni3O4/Ni3O4/NF are presented in Figure 3.18(e,f).

For NiOH/NF, the O 1s spectrum displayed a dominant peak at 531.3 eV, attributed to
surface hydroxyl groups, together with a weaker contribution at 534.4 eV arising from
adsorbed contaminants or carbonates (J.-J. Zhou et al., 2022; Payne, Biesinger, and
McIntyre, 2012). Upon MOF formation, the O 1s envelope broadened, with components
at 531.3, 532.2, and 533.5 eV assigned to –OH, C=O, and C–OH groups, respectively
(Q.-Q. Liu et al., 2019). After laser treatment, the O 1s profile of Ni3O4/Ni3O4/NF re-
vealed distinct peaks at 529.4 and 531.3 eV, consistent with lattice metal–oxygen bonds
and adsorbed hydroxyls (S. Chen et al., 2015; J.-J. Zhou et al., 2022), thereby evidencing
the oxidation of Ni during the laser treatment process.

The C 1s spectrum of NiOH/NF featured multiple components at 284.7, 285.2, 286.4,
and 287.5 eV, corresponding to C=C, C–C, C–OH, and C=O environments (X. Wang
et al., 2014), likely originating from extra carbon and minor organic residues. In MOF-
74(Ni)/NiOH/NF, the C 1s region exhibited characteristic peaks at 284.8, 286.4, and 288.4
eV, which can be assigned to C=C, C–OH, and O–C=O bonds (J.-J. Zhou et al., 2022), re-
flecting the contribution of carboxylate linkers. After laser irradiation, the Ni3O4/Ni3O4/NF
composite showed peaks at 285.1, 286.7, and 288.7 eV, corresponding to the C–C, C–O,
and C=O groups (Q.-Q. Liu et al., 2019). These changes confirm modification of sur-
face carbon environments, most likely due to partial decomposition and rearrangement of
organic linkers under laser-induced heating.
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Figure 3.18: XPS characterization of the composites: (a) survey spectrum; high-
resolution Ni 2p spectra for: (b) NiOH/NF, (c) MOF-74(Ni)/NiOH/NF, and (d)
Ni3O4/Ni3O4/NF; (e) O 1s and (f) C 1s spectra, illustrating elemental states across all
samples. Data published inPublication II

Stability analysis of the MOF-74-derived composites will be discussed in detail in the
subsequent application section.
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4 Application of MOFs
MOFs and ZIFs are now the largest class of crystalline materials, widely studied for their
structural diversity, ultrahigh surface areas, and tunable pore properties (Yusuf, Malek,
and Kailasa, 2022). Reticular chemistry enables atomic-level design, allowing precise
control over adsorption sites, catalytic centers, and electronic properties. As a result,
MOFs exhibit exceptional performance in gas storage, separations, water harvesting,
catalysis, and even conductive applications such as supercapacitors and electrocataly-
sis. Advances in processing also enable their use in thin films, membranes, biomedical
systems, and hybrid nanocatalysts (O. M. Yaghi, Kalmutzki, and Diercks, 2019).

4.1 Pathogen-Free Air

During the COVID-19 pandemic caused by SARS-CoV-2, millions of infections and nu-
merous fatalities were reported worldwide (Howard et al., 2021). As a respiratory virus,
SARS-CoV-2 prompted the adoption of preventive strategies such as vaccination, lock-
downs, travel restrictions, and the use of protective masks (Worby and Chang, 2020;
Team, 2020). Studies have consistently confirmed mask effectiveness: Jefferson et al.
highlighted that masks, when combined with hand hygiene and patient isolation, signifi-
cantly decrease viral transmission (Jefferson et al., 2008). Howard et al. studied their role
in limiting respiratory infection spread (Howard et al., 2021), while Liang et al. demon-
strated risk reductions of 80% for healthcare workers and 47% for non-healthcare workers
(Liang et al., 2020).

In 2020, the great demand for face masks strained global manufacturing capacity, re-
sulting in shortages, export restrictions, and the adoption of alternatives such as dispos-
able mask disinfection, reuse, and production of non-certified homemade masks (S. Feng,
Shen, et al., 2020; Rubio-Romero et al., 2020). Beyond supply chain issues, biosafety
risks have been raised concerning bacterial colonization of mask surfaces. The human oral
microbiome contains more than 175 bacterial species, including potentially pathogenic
strains such asHaemophilus influenzae, Neisseria meningitidisandStreptococcus pneu-
moniae(Hasan et al., 2014), which can become trapped in masks during respiration,
coughing or sneezing (Chughtai et al., 2019). Moisture retention on mask surfaces pro-
vides a favorable environment for bacterial proliferation (Hiragond et al., 2018). This
issue is particularly important in the context of bacterial co-infections among COVID-19
patients. Pathogens such asAcinetobacter baumanniiandStaphylococcus aureushave
been reported to contribute to secondary infections and increased mortality (Sharifipour
et al., 2020; Mirzaei et al., 2020). Therefore, while masks remain a critical tool for miti-
gating the spread of respiratory infections, challenges related to prolonged use and reuse
must be addressed.

ZIF-8 can be utilized as a highly promising water-stable antimicrobial agent. It demon-
strates exceptional performance, achieving> 99.9999% inactivation ofEscherichia coli
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(E. coli) and outperforming conventional antibacterially active materials such as ZnO and
TiO2 (P. Li et al., 2019). The superior antimicrobial activity of ZIF-8 is attributed to its
unique photocatalytic mechanism. Under illumination, ligand-to-metal charge transfer
occurs, enabling Zn2+ centers to capture photoexcited electrons. This process facilitates
the reduction of O2, generating reactive oxygen species (ROS) such as superoxide radi-
cals and hydroxyl radicals. These ROS are highly reactive, leading to oxidative damage
of bacterial cell walls, membranes, and intracellular components, ultimately causing cell
inactivation. Utilization of ZIF-8 as an antiviral / antibacterial coating on the surfaces of
commercial face masks (see Chapter 3.1.1) is evaluated inPublication I (Figure 4.1).

Figure 4.1: Schematic illustration of the antiviral and antibacterial mechanism of ZIF-8-
based masks. Data published inPublication I .

4.1.1 Materials and Methods

Theantibacterial activity of ZIF-8-coated masks was evaluated according to ISO 22196:
2011. A 0.4 mL microbial suspension was applied to a 5 cm2 area of each sample, covered
with a 4 cm2 sterile film, and incubated for 2 h at room temperature. Residual bacteria
were eluted with 10 mL peptone saline and quantified by culturing, with results com-
pared to an uncoated reference mask. Photocatalytic activity was assessed under identical
conditions with additional UV irradiation (365 nm).Staphylococcus aureus (S. aureus)
(VTT E-70045) was selected as the bacterial model organism, as it is commonly em-
ployed in antimicrobial efficacy studies. Clinically,S. aureusco-infections in COVID-19
patients can lead to bacteraemia and pneumonia, with mortality rates reported at 66.7%
(Cusumano et al., 2020).

Bacteriophage MS2 (DSM 13767) was used as the viral surrogate, as it reliably mimics
RNA viruses such as influenza, SARS-CoV-1, and SARS-CoV-2 (Raeiszadeh and Adeli,
2020). The evaluation of the antiviral activity of ZIF-8-based coatings against bacterio-
phage MS2 was carried out using the same experimental protocol as that employed for
assessing antibacterial activity.

The antiviral activity of ZIF-8-modified masks against HCoV-OC43 was evaluated fol-
lowing EN 14476 and EN 14885 standards with modifications to allow surface testing.
MRC-5 fibroblasts (1.5 × 104 cells/well; ATCC CCL-171) were seeded in 96-well plates
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using minimum essential media (MEM) supplemented with 10% FBS, 1% GlutaMAX,
and 1% penicillin/streptomycin, and incubated for 24 h at 37� C, 5% CO2. The next day,
5 mL of HCoV-OC43 inoculum (1.6 × 107 pfu/mL) was applied to 1 cm2 mask samples for
1 h at room temperature in a humidified chamber, with or without UV irradiation (365 nm,
15 cm distance). After incubation, 995mL MEM supplemented with 2% FBS was added
to recover adsorbed virus, diluted 1:100, and inoculated onto MRC-5 cells (correspond-
ing to MOI = 0.004). Cells were cultured for 5 days at 34� C, stained with crystal violet
after complete CPE development in virus-only controls, and absorbance was measured at
570 nm (Victor X4 2030, PerkinElmer) to quantify infection. The low-pathogenic human
coronavirus HCoV-OC43 was chosen as a surrogate model because it belongs to the Beta-
coronavirus genus like SARS-CoV-2, while being safe to handle under BSL-2 conditions
(Fung and D. X. Liu, 2021).

4.1.2 Results and discussions

The antibacterial and antiviral performance of ZIF-8-coated PP masks was first evaluated
usingS. aureusand MS2 for 2 h of exposure (Figure 4.2(a,b)). The ZIF-8 layer provided
strong biocidal activity against both test organisms. Under UV irradiation, antibacterial
efficacy againstS. aureus(Sample B) reached 99.99% (4 log reduction), consistent with
earlier findings for ZIF-8 againstE. coli (P. Li et al., 2019), although lower than the values
reported for ZIF-8 nanodagger arrays (Yuan and Y. Zhang, 2017). Even without UV light,
the coated samples achieved 99.95% inactivation (3 log reduction). For MS2, the ZIF-8
coating reduced viral colonies by 90% without irradiation and 95.4% under UV exposure
(Figure 4.2(c,d)).

Subsiquently, the antiviral activity of ZIF-8-modified polypropylene (PP) masks against
HCoV-OC43, assessed by cytopathic effect assay (Figure 4.2(e,f)). Absorbance at 570 nm
(A570) was used as a proxy for cell viability: the virus control showed low absorbance
due to extensive cell death, whereas the uninfected cell control yielded high absorbance.
Notably, ZIF-8-coated samples exhibited high absorbance values, confirming both antivi-
ral protection and the absence of cytotoxic effects, thereby supporting their suitability as
mask coatings.

Under UV irradiation (365 nm, 1 h), ZIF-8 coatings completely inhibited HCoV-OC43
infectivity. Even in the absence of UV, a measurable reduction in viral activity was ob-
served, while uncoated PP masks showed no effect. These findings highlight that the an-
tiviral performance of ZIF-8 is strongly enhanced under UV illumination. The observed
effect is most likely attributable to reactive oxygen species (ROS) generated during pho-
toactivation, which can damage viral envelopes and nucleic acids. This mechanism has
been reported for other enveloped viruses, including HIV (Belanger et al., 2011), and for
the inactivation of rabies and influenza viruses by hydrogen peroxide (Abd-Elghaffar et
al., 2016; Dembinski et al., 2014). Nevertheless, the specific inactivation mechnism for
HCoV-OC43 remains to be elucidated.
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Figure 4.2: Antibacterial and antiviral performance of ZIF-8-modified mask materials
following 2 h exposure: (a, b)Staphylococcus aureusand (c, d) MS2 bacteriophage; (e,f)
antiviral efficacy of ZIF-8-modified mask materials against HCoV-OC43 after 1 h contact:
(e) mean antiviral activity, (f) cytotoxicity of samples. Data published inPublication I .
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4.2 Clean Water

Although significant progress has been made toward safer crude oil extraction and trans-
port, oil spills and chemical leaks remain persistent threats to aquatic ecosystems (Brus-
saard et al., 2016; Peterson et al., 2004; Sainjan et al., 2019). Accelerating industrializa-
tion and offshore petroleum activities have exacerbated both the frequency and the scale
of such incidents, with serious ecological, social, and economic consequences, thereby
reinforcing the urgent need for effective remediation strategies (Hettithanthri et al., 2024;
Purohit et al., 2024).

Conventional oil/water separation techniques, including physical treatments (Dhaka and
Chattopadhyay, 2021) and chemical or biological remediation methods (Z. Zhu et al.,
2022; Pete, Bharti, and Benton, 2021), often provide only partial solutions due to high en-
ergy demands, limited selectivity, and poor efficiency in complex mixtures. These short-
comings have stimulated growing interest in advanced material-based sorbents (Chu, Y.
Feng, and Seeger, 2015; Q. Ma et al., 2016). In recent years, a wide range of porous ma-
terials has been explored for oil/water separation, including carbon-based systems (Gupta
and Tai, 2016; Vo, Yu, and Ahn, 2023), bio-derived materials (Doshi, Sillanpää, and
Kalliola, 2018), polymers (Haridharan et al., 2022; Hoang et al., 2021), 3D-structured
architectures (S. Li et al., 2023), and hybrid nanomaterials (Bi et al., 2025; Omidi et al.,
2024). Within this landscape, zeolitic imidazolate frameworks (ZIFs) represent a particu-
larly promising class.

Among ZIFs, ZIF-8 and ZIF-67 are the most widely investigated due to their structural
similarity, both being based on 2-methylimidazole linkers but incorporating different
metal centers, Zn2+ in ZIF-8, and Co2+ in ZIF-67. Compared with ZIF-8, ZIF-67 of-
ten demonstrates superior adsorption performance, largely owing to its higher surface
area (� 1889 m2/g) and larger pore volume, which facilitate the uptake of bulky organic
molecules (Konno et al., 2020).

Based on these findings, ZIF-67 / CF compounds synthesized by microwave-assisted tem-
plate growth (Chapter 3.2.1) provide a robust platform for further functional exploration.
The hierarchical structures obtained through this strategy exhibit uniform crystal distribu-
tion, strong substrate adhesion, and favorable wetting properties, all of which contribute
to enhanced stability, reusability, and selective sorption behavior. Such characteristics
make these materials particularly attractive for oil/water separation and establish a ratio-
nal foundation for their further development into advanced ZIF-67-based composites with
broader environmental applications (Figure 4.3).

4.2.1 Materials and Methods

Water and oil contact angle measurements (WCA, OCA) were performed to assess wet-
tability, using a KSV instrument fitted with a DMK 21AF04 monochrome camera. Prior
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Figure 4.3: Modification of Carbon Fiber to Form ZIF-67-Based Composite for Environ-
mental Remediation. Data published inPublication III .

to testing, the samples were dried at 60� C overnight to ensure complete removal of mois-
ture. The sessile drop technique was used, in which 10mL droplets of either deionized
water (for WCA) or edible oil (for OCA) were deposited on the surface, and the angles
were determined within 10 s using the system software.

The oil/water separation efficiency of bare CF, CoOH/CF, and ZIF-67(Co)/CoOH/CF was
tested with various organic liquids, including diesel (Shell), gasoline (Neste), edible oil,
toluene, hexane, heptane, hydrocarbon oil, ethylene glycol, ethyl acetate, and acetone.
Prior to testing, sorbents were dried at 60� C under vacuum for 12 h and weighed. For
each experiment, a 1 cm X 1 cm piece of sorbent was immersed in 20 mL of liquid for
1 min at room temperature, then removed with tweezers and weighed immediately. The
sorption capacity (Q, Wt.%) was determined using Equation 4.1. Each test was repeated
three times, and the results are reported as mean values with standard deviations.

Q =
W1 � W0

W0
� 100% (4.1)

where W1 is the weight of the sorbent after sorption, and W0 is the weight of the sorbent
prior the sorption.
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4.2.2 Results and discussions

Surface wettability, quantified through WCA and OCA measurements, is a key parameter
governing the performance of sorbent materials in selective oil/water separation (L. Zhang
et al., 2023; Abudayyeh et al., 2024). Typically, surfaces are classified as hydrophobic
when WCA> 90� and as oleophilic when OCA< 30� . As shown in (Figure 4.4), flu-
orinated CF exhibited strong hydrophobicity (WCA = 138.5� ) but only moderate oleo-
phobicity (OCA = 95.3� ). Following deposition of the CoOH nanosheet layer, WCA
decreased to 106.� , consistent with the introduction of hydroxyl groups and an associated
increase in surface polarity. At the same time, OCA dropped markedly to 53.2� , indi-
cating enhanced oil affinity. Although this modification improved wettability relative to
pristine CF, the combined requirements of high hydrophobicity and strong oleophilicity
were not yet fully achieved.

In contrast, the ZIF-67(Co)/CoOH/CF composite displayed superhydrophobicity (WCA
= 150.1� ) and superoleophilicity (OCA = 0� ). This dual behavior can be attributed to the
hierarchical micro/nanostructured ZIF-67 coating, which enhances surface roughness and
stabilizes the Cassie–Baxter wetting state by trapping air pockets beneath water droplets.
Simultaneously, the composite exhibited immediate oil spreading and absorption, reflect-
ing strong oleophilicity. This contrasting wetting response was directly observable, with
the material floating on water yet sinking rapidly in diesel (Figure 4.4(g,h)), thereby con-
firming its suitability as an efficient sorbent for selective oil removal.

The sorption capacities of bare CF, CoOH/CF, and ZIF-67(Co)/CoOH/CF toward a range
of organic liquids are summarized in Figure 4.5(a). A stepwise enhancement was evident
across the composites, reflecting the progressive impact of each surface modification.

For CoOH/CF, improved uptake was observed for polar and moderately polar liquids
such as toluene (110 wt.%), ethyl acetate (115 wt.%), and ethylene glycol (152 wt.%),
which can be attributed to dipole–dipole interactions with hydroxyl functionalities on
the surface. Subsequent ZIF-67 functionalization further increased sorption performance,
yielding capacities in the range of 84–321 wt.%. The highest uptakes were recorded for
hydrocarbon oil (321 wt.%), edible oil (252 wt.%), and diesel (164 wt.%), confirming the
material’s strong affinity for hydrophobic organic liquids.

The reusability of ZIF-67(Co)/CoOH/CF was assessed through repeated diesel sorption
cycles. As shown in Figure 4.5(b), the composite maintained more than 92% of its initial
sorption capacity after ten cycles, confirming excellent durability.

In comparison with reported MOF-based sorbents (Table 4.1), the ZIF-67(Co)/CoOH/CF
composite demonstrates superior performance compared to pristine ZIFs (Lei, Y. Deng,
and C. Wang, 2018; Sann et al., 2018) and ZIF/polyethersulfone hybrids (Abbasi, Sham-
saei, et al., 2017), and achieves values comparable to more complex MOF fluorinated
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Figure 4.4: Contact angle measurements for bare CF, CoOH/CF, and ZIF-
67(Co)/CoOH/CF: WCA (a–c) and OCA (d–f); selective wetting behavior of the com-
posite: floating on water (g) and sinking in diesel (h). Data published inPublication III .

graphene systems (FG, HFGO) (Jayaramulu et al., 2015; Ravi et al., 2022). The sponge-
and aerogel-derived materials exhibit exceptionally high capacities (up to 17,700 wt.%)
(Y. Zhang et al., 2019; Qu et al., 2023). However, these results are strongly influ-
enced by their ultralow bulk densities (typically below 10 mg/cm3), compared to CF
(1700–2000 mg/cm3). In such lightweight systems, a large fraction of the absorbed liquid
resides within macropores or inter-fiber voids, inflating the apparent gravimetric sorption
capacity.

These findings establish the ZIF-67(Co)/CoOH/CF composite as a highly efficient sor-
bent, combining high uptake capacity with the practical bulk density of a carbon-fiber
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Figure 4.5: (a) Sorption capacities of bare CF, CoOH/CF, and ZIF-67(Co)/CoOH/CF for
different organic liquids; (b) Reusability of ZIF-67(Co)/CoOH/CF over ten successive
diesel sorption cycles. Data published inPublication III .

support. The performance originates directly from the hierarchical ZIF-67 coating, con-
firming that the measured sorption reflects original material uptake rather than density-
related artifacts.

4.3 Energy Transition

The transition from a fossil fuel-dependent economy to a renewable, circular model neces-
sitates replacing fossil-derived carbon with sustainable carbon sources (Bogdanov et al.,
2019; Haszeldine, 2009; M. Ishaq et al., 2022; Geissdoerfer et al., 2017). In this context,
hydrogen is envisioned as a central enabler, serving not only as a versatile energy carrier
but also as a raw material for synthesizing carbon-neutral fuels and chemicals through
Power-to-X pathways (Daiyan, MacGill, and Amal, 2020; Vidal et al., 2018; Ruuskanen
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Table 4.1: Summary of water and oil contact angles (WCA/OCA) and sorption perfor-
mance of different MOF-based composite sorbents in the separation of organic solvents
and oils from aqueous media. Data published inPublication III .

Sorbent WCA/OCA Q (wt.%)
ZIF-8(Zn)/PES beads 115� /– 15–40
ZIF-8(Zn)/HFGO 162� /0� 20–280
ZIF-8(Zn)/CNF 135� /– 36–58
ZIF-8(Zn)/tea bag 142� /0� 70–250
ZIF-67(Co)/CoOH/CF 151� /0� 84–321
ZIF-8(Zn)/HFGO/Sponge 162� /0� 150–600
MIL-101(Fe)/FG 146� /0� 440–560
ZIF-8(Zn)/Sponge 140� /0� 1000–3800
ZIF-8(Zn)/Carbon fabric 150� /0� 1500–2400
ZIF-67(Co)/PLA aerogel 132� /0� 1500–3000
ZIF-67(Co)/Sponge 142� /0� 7900–17700

et al., 2021). The most promising method for sustainable H2 production is water electrol-
ysis, which include the hydrogen evolution reaction (HER) at the cathode and the oxygen
evolution reaction (OER) at the anode (H. Ishaq, Dincer, and Crawford, 2022; Ursúa,
Gandía, and Sanchis, 2012; Suen et al., 2017). However, the OER suffers from slug-
gish kinetics, necessitating large overpotentials that reduce the overall energy efficiency
of electrolyzers (Jiao et al., 2015; Suen et al., 2017; Givirovskiy, Ruuskanen, Kokkonen,
et al., 2021). To address these challenges, noble-metal oxides such as IrO2 and RuO2 are
employed OER catalysts. However, their scarcity and high cost limit large-scale adoption
(Suen et al., 2017; S. Wang, A. Lu, and C.-J. Zhong, 2021).

This challenge has driven intensive research into non-noble alternatives, with particu-
lar emphasis on transition metal oxides, hydroxides, sulfides, phosphates, borides, and
chalcogenides (Seh et al., 2017). MOFs have emerged as attractive candidates for water
splitting owing to their tunable structures, high porosity, and abundance of catalytically
active metal sites.

An even more effective strategy is to utilize MOFs as precursors or self-sacrificing tem-
plates: under pyrolysis in inert atmospheres, they can be transformed into MOF-derived
porous composites containing encapsulated nanoparticles within hierarchical carbon/ox-
ide frameworks. Such materials combine high surface area with improved electrical
conductivity, exposing abundant active sites while ensuring structural robustness. This
synergy shows great potential for the excellent electrocatalytic activity for both HER
and OER, making MOF-derived composites among the most promising families of next-
generation catalysts (J. Zhou et al., 2017; Cai et al., 2017).
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Conventional heating is widely used as a MOF post-treatment step, enabling solvent re-
moval, framework stabilization, activation of coordinatively unsaturated metal sites, en-
hanced durability, and formation of the MOF-derivatives (Lux, Williams, and S. Ma,
2015; Alli et al., 2023). However, conventional thermal processing has notable draw-
backs: it is energy- and time-intensive, requires inert-gas protection, and frequently in-
duces particle agglomeration. Agglomeration in particular reduces electron conductiv-
ity and blocks mass transport channels, impairing catalytic efficiency (Cai et al., 2017).
Laser-induced post-treatment has recently emerged as a promising alternative. It pro-
vides ultrafast heating, precise spatial control, and effective prevention of particle ag-
gregation, while also ensuring high yields. Moreover, laser strategies are cost-efficient,
programmable, and scalable, making them highly attractive for practical MOF activation
and the fabrication of MOF-derived catalysts (Guo et al., 2023).

In this work, MOF-74-derived composites, deposited onto the surface of NF via template-
growth methods assisted by microwave irradiation (see Chapter 3.3.1), were employed as
efficient electrocatalysts to investigate their performance toward the OER (Figure 4.6).

Figure 4.6: Schematic overview of the strategies for the successful energy transition. Data
published inPublication II .

4.3.1 Materials and Methods

All electrochemical measurements were performed on an Autolab PGSTAT302N poten-
tiostat (Metrohm, Switzerland) using a conventional three-electrode setup at ambient tem-
perature. The as-prepared catalysts and IrO2/Ti were employed as working electrodes
(WE), a Pt/Ti electrode served as the counter electrode (CE), and a Hg/HgO electrode in
1 M KOH was used as the reference electrode (RE). Linear sweep voltammetry (LSV)
was conducted at a scan rate of 5 mV/s in 1 M KOH to obtain polarization curves, from
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which Tafel slopes were derived to evaluate OER kinetics. Catalyst durability was exam-
ined by chronopotentiometric measurements at constant current densities of 10, 50, and
100 mA/cm2 over 36 h. The electrochemically active surface area (ECSA) was estimated
from the double-layer capacitance (Cdl), determined by cyclic voltammetry recorded at
scan rates of 2–10 mV/s in the non-Faradaic region (1.10–1.15 V). By plotting the halved
difference between anodic (Ia) and cathodic (Ic) currents at 1.125 V against the scan rate,
the slope of the resulting line was used to calculate Cdl. Electrochemical impedance spec-
troscopy (EIS) was employed to probe OER-relevant kinetics and interfacial behavior,
using a frequency range of 100 kHz to 10 mHz at an OER overpotential of 300 mV.
All potentials reported in this study were calibrated to the reversible hydrogen electrode
(RHE) according to Equation (Kawashima et al., 2023):

ERHE = EHg/HgO+ 0:1053V + 0:059 pH (4.2)

whereERHE is the potential versus the reversible hydrogen electrode (RHE),EHg/HgO is
the measured potential versus the Hg/HgO reference electrode, 0.1053 V is the standard
potential difference between Hg/HgO (1.0 M KOH) and NHE at 25� C, and 0.059 pH
accounts for the pH-dependent conversion from NHE to RHE.

4.3.2 Results and discussions

Electrocatalytic OER performance of Ni3O4/Ni3O4/NF was assessed in 1 M KOH using
a standard three-electrode configuration at room temperature. Reference materials in-
cluded commercial IrO2, bare NF, and NiOH/NF. Linear sweep voltammetry (LSV) at 5
mV/s (Figure 4.7(a)) showed that Ni3O4/Ni3O4/NF exhibited an onset potential of 1.39
V, markedly lower than that of IrO2 (1.52 V). Overpotentials required to reach benchmark
current densities are summarized in Figure 4.7(b). At 10 mA/cm2, the composite required
an overpotential of 205 mV, representing significant reductions compared to NiOH/NF
(46 mV lower), NF (153 mV lower), and IrO2 (165 mV lower). At 50 mA/cm2, its over-
potential was 318 mV, offering further reductions of 179–235 mV relative to the reference
electrodes.

The observed performance gap between Ni3O4/Ni3O4/NF and commercial IrO2 can be
partly explained by differences in the electrode substrates. While NF provides a porous
three-dimensional framework that greatly increases the electrochemically active surface
area, IrO2 is deposited on relatively flat Ti plates. This disparity enhances the density
of active sites and promotes superior charge transfer and mass transport on NF, making
direct comparison with flat electrodes not entirely equitable.

For comparison, Milazzo et al., 2020 reported that IrOx/NF required 360 mV to reach 10
mA/cm2, only 10 mV lower than IrO2/Ti in our study. J. Zhou et al., 2017 achieved
310 mV with an Ir/C catalyst, while J. Liu et al., 2019 demonstrated a hierarchical
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IrO2/NiO/NF nanocomposite reaching the same current density at 278 mV. In contrast, the
Ni3O4/Ni3O4/NF developed here required 73 mV less overpotential than Liu’s Ir-based
system, despite its precious-metal content and similar hierarchical design. A broader
comparison of OER benchmarks is provided in Table 4.2.

Table 4.2: Comparison of the overpotentials(h ) at 10 mA/cm2 and Tafel slopes of the
developed Ni3O4/Ni3O4/NF with recently reported hierarchically structured electrocata-
lysts for OER in 1 M KOH. Data published inPublication II

Catalyst h [mV] Tafel slope [mV/dec]
Ni3O4/Ni3O4/NF 205 46
Co3O4/Co3O4/NF/Ni foil 301 115.3
Catalyst h [mV] Tafel slope [mV/dec]
CoS/Co3O4/Ni foil 289 77.6
C/Co3O4/Ni foil 261 65.4
CoP/Co3O4/Ni foil 238 51.4
CoNC/CoO/NF 309 53
IrOx/NF 360 38
IrO2/NiO/NF 278 41.8
CoSe2/C fiber 297 41
NiFeMo/NF 238 35
NiFeCo-LDH/C fiber 249 42
MnCo2O2/Ni2P/NF 240 114

Analysis of Tafel slopes (Figure 4.7(c)) highlights clear differences in OER kinetics
among the investigated catalysts. Ni3O4/Ni3O4/NF achieved the lowest slope, about 46
mV/dec, consistent with the second electron-transfer step being rate-determining in the
OER mechanism (Reier, Oezaslan, and Strasser, 2012; Suen et al., 2017). This slope is
notably smaller than values reported for earlier MOF-derived composites (J. Zhou et al.,
2017; Cai et al., 2017), pointing to a more favorable reaction pathway. Conversely, the
other catalysts displayed much larger slopes (higher than 120 mV/dec), corresponding to
sluggish kinetics dominated by the adsorption and discharge of OH� ions as the limiting
process (Suen et al., 2017; Givirovskiy, Ruuskanen, Väkiparta, et al., 2020).

ECSA was evaluated from the double-layer capacitance Cdl measured in the non-Faradaic
potential window. According to Figure 4.7(d), the Cdl of Ni3O4/Ni3O4/NF reached 22.51
mF/cm2, substantially higher than those of IrO2 (2.14), NF (3.65), and NiOH/NF (11.82
mF/cm2). Given the direct proportionality between ECSA and Cdl, this result highlights
the abundance of exposed active sites in the composite, with values slightly exceeding
those reported for earlier hierarchically structured systems (J. Zhou et al., 2017).

EIS was performed at an overpotential of 300 mV to probe charge transport. As shown in
the Nyquist plot (Figure 4.7(e)), the charge transfer resistance (Rct) was 9.34, 5.03, 3.04,



78

and 0.77W for NF, NiOH/NF, Ni3O4/Ni3O4/NF and IrO2, respectively. Although theRct
of Ni3O4/Ni3O4/NF exceeds that of IrO2, the composite still exhibits favorable charge
transport kinetics (J. Zhou et al., 2017). It should be emphasized that Rct represents only
one aspect of OER performance, which is also governed by active site density and intrinsic
activity.

Figure 4.7: Electrocatalytic OER performance of the investigated catalysts in 1 M KOH:
(a) LSV curves, (b) overpotentials at 10 mA/cm2 and 50 mA/cm2, (c) Tafel slopes, (d)
double-layer capacitance (Cdl), (e) Nyquist plots from EIS, and (f) chronopotentiometry
at 10–100 mA/cm2 over 36 h for Ni3O4/Ni3O4/NF. Data published inPublication II .
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The operational durability of the catalyst was assessed through chronopotentiometric
measurements at reference current densities of 10, 50, and 100 mA/cm2 over 36 h in
1 M KOH (Figure 4.7(d)). Ni3O4/Ni3O4/NF exhibited remarkable stability, maintaining
nearly constant potentials with only a minor rise of 1.5% at the highest current density,
which may be attributed to bubble accumulation during intense oxygen evolution. ICP
analysis confirmed negligible Ni leaching (0.674mg/L). Complementary SEM, XRD,
and FT-IR analyses conducted after stability testing revealed no significant morphologi-
cal or structural degradation, with only slight intensity decreases and peak shifts in FT-IR
spectra (Figure 4.8). These findings confirm that the developed electrocatalyst possesses
strong structural integrity and excellent adhesion to the NF substrate.

Figure 4.8: Stability evaluation of Ni3O4/Ni3O4/NF: (a) LSV polarization curves recorded
before and after 36 h of continuous water electrolysis; inset depicts SEM micrograph
of the catalyst surface following testing. (b) Structural characterization after stability
assessment by XRD and FT-IR. Data published inPublication II .
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5 Conclusion and suggestion for future work

This dissertation provides a comprehensive investigation into the synthesis, structural en-
gineering, and application potential of metal-organic frameworks (MOFs), with a focus
on advancing both fundamental understanding and practical methodologies for material
design. Through a series of experimental studies, it presents an integrative framework
for developing MOF-based and MOF-derived composites using both direct and template-
assisted strategies, offering new insights into their nucleation, growth, and functionaliza-
tion processes.

The early chapters outlined the conceptual evolution of porous materials, highlighting the
transition from rigid inorganic networks such as zeolites to the highly tunable architec-
tures of MOFs. Building on this foundation, the work explored the influence of secondary
building units (SBUs), linker geometries, and coordination environments on the resulting
framework topologies, demonstrating how the interplay of these parameters enables the
design of multifunctional, crystalline, and high-surface-area materials.

A major contribution of this study lies in the experimental implementation of scalable
synthesis techniques. The direct hot-press synthesis of ZIF-8 coatings on commercial
face masks offered a solvent-minimized, energy-efficient pathway for fabricating protec-
tive materials with demonstrated chemical stability under sterilization conditions. Despite
challenges related to particle size heterogeneity and coating uniformity, the approach val-
idated the feasibility of integrating MOFs into low-cost substrates for real-world applica-
tions.

To address the limitations of direct synthesis, the dissertation introduced a template-
growth strategy, wherein metal hydroxide nanostructures served as sacrificial scaffolds
for controlled MOF crystallization. Using this approach, ZIF-67 coatings were success-
fully deposited onto carbon fibers, resulting in composites with hierarchical porosity,
strong substrate integration, and improved thermal and chemical stability. The integration
of microwave-assisted synthesis significantly reduced processing times while preserving
crystalline order, representing a key advancement in process intensification.

Furthermore, the study extended this strategy to the development of MOF-derived ma-
terials by transforming MOF-74(Ni) into catalytically active composites through laser-
assisted pyrolysis. These materials retained nanoscale organization and exhibited en-
hanced performance characteristics, underscoring the versatility of MOFs as precursors
for multifunctional materials. The work also demonstrated that synthesis parameters such
as solvent polarity, microwave pulsing profiles, and template morphology critically influ-
ence product structure, composition, and stability.

Collectively, these findings emphasize that the rational design of MOFs and MOF-based
composites can be achieved through a holistic understanding of both chemistry and pro-
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cess engineering. The approaches developed in this work bridge the gap between labo-
ratory scale synthesis and scalable production, laying the groundwork for future applica-
tions in filtration, catalysis, energy conversion, and environmental remediation.

Future research should aim at the following:

(i) to optimize the mechanical robustness and long-term durability of MOF coatings
under operational stress.

(ii) to explore alternative templates and post-synthetic treatments to tailor pore architec-
ture and surface chemistry.

(iii) to integrate functional MOFs into hybrid systems with synergistic properties.

(iv) environmental assessments of the synthetic routes should be expanded to ensure
sustainability across the material life cycle.

In conclusion, this dissertation demonstrates that MOFs are not only conceptually rich and
structurally diverse materials but also viable candidates for real-world deployment when
combined with innovative synthesis strategies. By advancing both theoretical and exper-
imental dimensions of MOF chemistry, this work contributes to the evolving landscape
of materials science and opens new avenues for the design of next-generation functional
materials.
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A B S T R A C T

The worldwide spread of the SARS-CoV-2 virus has continued to accelerate, putting a considerable burden
on public health, safety, and the global economy. Taking into consideration that the main route of virus
transmission is via respiratory particles, the face mask represents a simple and efficient barrier between
potentially infected and healthy individuals, thus reducing transmissibility per contact by reducing transmission
of infected respiratory particles. However, long-term usage of a face mask leads to the accumulation of
significant amounts of different pathogens and viruses onto the surface of the mask and can result in dangerous
bacterial and viral co-infections. Zeolite imidazolate framework-8 (ZIF-8) has recently emerged as an efficient
water-stable photocatalyst capable of generating reactive oxygen species under light irradiation destroying
dangerous microbial pathogens. The present study investigates the potential of using ZIF-8 as a coating
for face masks to prevent the adherence of microbial/viral entities. The results show that after 2 h of UV
irradiation, a polypropylene mask coated with ZIF-8 nanostructures is capable of eliminating S. Aureusand
bacteriophage MS2 with 99.99% and 95.4% efficiencies, respectively. Furthermore, low-pathogenic HCoV-
OC43 coronavirus was eliminated by a ZIF-8-modified mask with 100% efficiency already after 1 h of UV
irradiation. As bacteriophage MS2 and HCoV-OC43 coronavirus are commonly used surrogates of the SARS-
CoV-2 virus, the revealed antiviral properties of ZIF-8 can represent an important step in designing efficient
protective equipment for controlling and fighting the current COVID-19 pandemic.

1. Introduction

Millions of people worldwide have suffered from COVID-19, which
is caused by the novel SARS-CoV-2 virus, many of whom have died [1].
It is believed that a primary route of COVID-19 transmission is via
the respiratory particles, and all infected individuals, regardless of the
course of the disease, are considered possible transmitters and thus
represent a threat [2]. Various measures, including mass vaccination
programs, city-wide lockdowns, travel restrictions, and hygiene and
social distancing guidelines have been imposed in many countries as
a part of efforts to stop, or at least limit, the transmission of COVID-
19 [ 3]. Following interim guidance published by the World Health
Organization (WHO) in 2020, the use of protective face masks in
public places has become increasingly recommended, if not mandated,
to prevent the spread of the disease [4]. In the review published
by Howard et al. [ 2], an analytical framework was used to provide
evidence that widespread mask usage is the most efficient way of

< Corresponding author.
E-mail address: daria.givirovskaia@lut.fi (D. Givirovskaia).

reducing the spread of COVID-19 if compliance is high. In a different
study performed by Liang et al. [ 5], meta-analysis revealed that a
significant protective effect can be achieved by using a face mask as the
risk of respiratory virus infection can be reduced by 80% and 47% for
healthcare workers (HCWs) and non-healthcare workers (non-HCWs),
respectively. The systematic review by Jefferson et al. [6] also shows
that simple public health measures including hand-washing, isolation
of potentially infected patients, and wearing of masks are effective
in preventing the spread of respiratory virus infections. As a result,
huge public demand for face masks has developed, manufacture and
supply have been under strain, and deficits have been reported in many
countries, leading to the imposition of measures enhancing production
capacities while prohibiting the export of face masks [ 7]. Enormous
demand and a shortfall in face mask availability has motivated a search
for new solutions, such as disinfection of used masks, reuse of masks
initially developed as one-use disposable masks, and fabrication of
non-certified homemade masks [8].
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Despite research like the aforementioned indicating the positive
effect of wearing masks on the current pandemic, understanding of
the influence of masks on the transmission of laboratory-diagnosed
respiratory viruses remains incomplete [9�11]. For example, research
on mask effectiveness [12] does not take into consideration that bac-
teria in human saliva and exhaled breath might constitute a biosafety
concern [13], particularly with long-term mask usage or mask reuse
without appropriate disinfection. Hasan et al. [14] investigated the
bacterial flora of saliva microbiomes using next-generation shotgun
sequencing (NGSS) and identified more than 175 different bacterial
species, among which were life-threatening species of Haemophilus
influenzae, Neisseria meningitidis, and Streptococcus pneumoniae. It would
appear that during breathing, sneezing or coughing by COVID-19-
infected individuals, such airborne respiratory pathogens are trapped
by the masks and accumulate on the surface layers of mask [15].
At the same time, moisture retention under the mask surface reduces
the mask's protective properties and creates favorable conditions for
bacterial growth [16]. In a recent study by Sharifipour et al. [17],
the authors emphasized concerns that bacterial co-infections due to
Acinetobacter baumanniiand Staphylococcus aureuscould be leading to
superinfection of COVID-19 patients. Hence, bacterial co-infection and
secondary bacterial infection should be considered critical risk factors
influencing the severity and mortality rates of COVID-19 [18].

In recent years, a number of different nanomaterials, such as Ag [16,
19], Cu [20,21], Zn [22], Ti [23] and Au [24] nanoparticles, have
been developed to enhance the anti-viral and anti-bacterial properties
of materials, which opens new perspectives in the prevention of COVID-
19 transmission [25]. Within this context of nanomaterial development,
metal�organic frameworks (MOFs) have attracted huge scientific inter-
est as a fast-developing field of research with an increasing number
of applications being proposed [26�42]. MOFs are organic�inorganic
hybrid crystalline porous materials with unique properties including:
(i) exceptional surface area extending beyond 6000 m2 g*1 , (ii) ultrahigh
porosity of up to 90% of free volume, (iii) structural diversity in
contrast to other porous materials, and (iv) controllable framework
topology, porosity, and functionality [43]. In view of these advanta-
geous properties, MOF-based antibacterial agents are gaining increas-
ing importance [44]. Compared to traditional antibacterial agents,
MOFs provide several important advantages, such as (i) the presence
of bactericidal metal ions, (ii) a chelation effect increasing lipophilicity
and facilitating penetration to the bacterial cell to destroy it, (iii) the
ability to form photogenerated reactive oxygen species (ROS) enhanc-
ing photocatalytic antimicrobial effects, (iv) the possibility of achieving
synergistic antimicrobial effects in a single MOF structure, for example,
a combination of photocatalytic and metal ion-releasing effects, and (v)
the possibility of encapsulating various materials in the pores of the
MOFs [44].

Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs pre-
sented by porous crystals with zeolite-type structures built by metal
ions and imidazolate ligands [45]. Among different MOFs, ZIF-8 (zinc-
imidazolate MOF) has been highlighted as an efficient water-stable
antimicrobial photocatalyst exhibiting >99.9999% inactivation effi-
ciency against Escherichia coli (E. coli)and outperforming reference
ZnO and TiO2 biocidal photocatalysts [46]. The high antimicrobial
efficiency of ZIF-8 is due to a complicated mechanism involving the
capture of photoelectrons by Zn+ centers via ligand-to-metal charge
transfer (LMCT) and subsequentO2-reduction-based generation of ROS
capable of inhibiting pathogens. In view of the beneficial photocat-
alytic properties of ZIF-8, this research examines ways of using ZIF-8
as an antiviral/antibacterial coating for the surfaces of commercial
face masks (Fig. 1). Additionally, the work analyzes the efficiency of
ZIF-8-based coating against dangerous microbial pathogens and SARS-
CoV-2's surrogates which provides fresh insights into the field and to
already successfully developed solutions [47�49]. The research con-
tributes to the global response to addressing COVID-19 by examining a
potentially effective solution for reusable protective materials capable
of deactivating SARS-CoV-2 virus and other respiratory viruses [50�
52].

2. Materials and methods

2.1. Materials

All chemical reagents used for the experimental work were from
Sigma-Aldrich, USA, and used without pretreatment (if not otherwise
stated). Polypropylene (PP) masks for MOFs growing were purchased
from KINGFA, China, and Teho Filter, Finland. The Hele cloth mask
(49% polyester, 49% cotton, 2% elastane) was supplied by Helemed,
Finland. The LUT-branded cloth mask (100% polyester) was designed
by LUT-University, Finland, and manufactured by LS-Wear, Finland.

2.2. Modification of the face masks with ZIF-8

The procedure for the ZIF-8 synthesis was adapted from previous re-
search [46,53]. A schematic representation of the coating experiments
is shown in Fig. 2.

Method A: Room temperature synthesis was performed in a glass
vessel under magnetic stirring. First, 0.3 g of terephthalic acid was
added to 30 mL dimethylformamide (DMF) and left under magnetic
stirring for 30 min. Subsequently, 0.25 g of zinc acetate dihydrate
dissolved in 10 mL ethanol was added and the mixture was left under
magnetic stirring for 24 h. After mixing, the solution was pipetted
directly onto the polypropylene (PP) fabric, which was then wrapped
in aluminum foil, and heated with an iron at a temperature of 110 ýC
for 2�3 min on both sides. The fabric was washed with water and dried
in an oven at 80 ýC for 30 min and then activated at 120 ýC for 6 h.

Method B: Zinc acetate dihydrate, 2-methylimidazole, and polyethy-
lene glycol were mixed in mass fractions of 15.9%, 39.7%, and 44.4%,
respectively. Masks were split into layers if required, placed on the
aluminum foil and the mixture was deposited onto the layers. The skin
layer of the masks was not used for the growing procedure if the mask
consisted of more than one layer. The masks were ironed at 110ýC for
1 min on both sides and washed with ethanol. Then the samples were
dried at 80 ýC for 30 min and activated for 6 h at 120 ýC.

2.3. SEM and XRD characterization

A variable pressure scanning electron microscope (SEM) Hitachi S-
3400N with X-ray spectroscopy (EDX) was applied for analysis of the
ZIF-8 morphology on the mask surfaces. The microscope was operated
at 20 mA and 10 kV with secondary (UDV) and backscatter (BSE)
electron detectors. X-ray diffraction analysis (XRD) was performed with
a Bruker D8 Advance X-ray diffractometer to examine the material
crystal structure. Surface scanning was performed at a wavelength of
1.5406 Å with Cu K � -type radiation produced by copper sealed tube
X-ray source.

2.4. ZIF-8 coating stability tests

4 mask material samples of 4 • 4 cm were placed in a 300 mL
vessel of boiling water for 15, 30, 45, and 60 min. Simultaneously, 2
mask samples of the same size were steamed in a water bath for 15 and
30 min. After the experiment, all the samples were dried and compared
with the reference material using XRD analysis.

2.5. Selection of bacteria and viruses

Staphylococcus aureus (S. Aureus)(VTT E-70045), which is com-
monly used for measuring antimicrobial efficacy, was selected as a
microbial pathogen. S. Aureus co-infection causes bacteraemia and
pneumonia in patients infected with COVID-19 and is associated with a
high mortality rate of 66.7% [54]. Bacteriophage MS2 (DSM 13767) is
a surrogate for the influenza virus and is now being used as a surrogate
for other RNA viruses, such as SARS CoV-1 and SARS CoV-2 [55].
Finally, low-pathogenic coronavirus (HCoV-OC43) was selected for the
experimental work as it has certain genetic similarities with the SARS
CoV-2 [56].
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Fig. 1. Schematic representation of the ZIF-8-based mask antiviral and antibacterial mechanism.

Fig. 2. Schematic representation of a modification of face masks with ZIF-8 photocatalyst using (a) Method A and (b) Method B.

2.6. Measurement of antibacterial activity

The antibacterial efficacy of the modified mask materials was stud-
ied based on the international standard ISO 22196:2011 ``Measurement
of antibacterial activity on plastics and other non-porous surfaces''. The
principle of the antibacterial efficacy tests is to bring the antibacterial
surface and tested organisms into contact and detect surviving microbes
after a specified contact time. Contamination of the tested surface was
performed by dosing 0.4 mL of the microbe suspension onto 5 cm2 of
reference and ZIF-8-modified mask samples. Next, the contaminated
surface was covered with a 4 cm2 sterile plastic plate to prevent mois-
ture evaporation and left for 2 h at room temperature. Subsequently,
remaining microbes were diluted from the surface with 10 mL peptone
saline solution, and the viability of the microbes was determined using
culturing methods. The survival of microbes on the tested antibacterial
surfaces was compared to a reference mask sample without ZIF-8-based
coating. The photocatalytic activity of the MOF structures was studied
by the same method, but the samples were under a UV lamp (365 nm)
during contact time.

2.7. Antiviral tests with low-pathogenic coronavirus

The efficacy of the modified mask materials against HCoV-OC43 was
studied based on the international standards EN 14476 ``Quantitative

suspension test for the evaluation of virucidal activity in the medical
area'' and EN 14885 ``Chemical disinfectants and antiseptics'' with
certain modifications. In the antiviral tests, MRC-5 cells (1.5 • 10 4

cells/well) purchased from ATCC were seeded into 96-well plates in
Minimum Essential Media (MEM, Gibco Life Technologies) supple-
mented with 10% Fetal Bovine Serum (Gibco), 1% GlutaMAX (Gibco)
and 1% penicillin/streptomycin (Gibco) and incubated for 24 h at 37°C
(5% CO2). The following day, 5 �L of seasonal human coronavirus
HcoV-OC43 (1.6 • 10 7 pfu/mL) was placed on the surface of 1 cm2 mask
pieces for 1 h inside a 12-well plate at room temperature and in humid
conditions. Incubation was performed with and without exposure to UV
light (365 nm). The distance between the UV lamp and samples was
15 cm and the samples were covered with thin plastic foil. A culture
medium (995 �L of 2% MEM) was added onto the surface of the mask
pieces after the incubation period and placed on a rocker for 1 min to
detach the virus. Media were then collected and diluted (1:100) sam-
ples were added onto MRC-5 cells in 96-well plates (MOI = 0.004). Cells
were incubated for 5 days at 34°C until a cytopathic effect (CPE) was
observed. The cells were then washed twice with phosphate-buffered
saline (PBS) solution, and stained with CPE stain (0.03% crystal violet,
2% ethanol, and 36.5% formaldehyde) for 10 min at room temperature.
The excess stain was washed away with water. The stained cells were
then treated with a lysis buffer (0.8979 g of sodium citrate and 1N HCl
in 47.5% ethanol) to homogenize the sample. Finally, the absorbance of
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Fig. 3. SEM images of ZIF-8 deposited on (a) non-woven material (Teho Filter), and (b) woven material (LUT-branded cloth mask), morphology of ZIF-8 photocatalyst synthesized
by (c) Method A, and (d) Method B, and (e) example of elemental mapping.

the stain was measured at 570 nm to determine the presence of viable
cells in the wells, which indirectly shows the level of infection (Victor
X4 2030 Multilabel Reader, PerkinElmer).

3. Results and discussion

3.1. Modification of face masks with ZIF-8

Different mask materials described previously were first tested as
substrates for ZIF-8 deposition. Successful incorporation of nanocrys-
talline ZIF-8 onto the mask substrates was confirmed by SEM and EDX
analysis. The obtained SEM images are presented inFig. 3a and b

and reveal a uniform coating of non-woven and woven mask samples
with ZIF-8 micrometer/nanometer-size particles, indicating good suit-
ability of both substrates for ZIF-8 deposition. As the substrate did
not play a significant role in the quality of deposition, masks made of
polypropylene, which is the material now recommended by the WHO
for COVID-19 mask filters, were selected for further experiments. It is
worth mentioning that the use of slightly different synthesis methods
resulted in completely different surface morphologies. In the case of
Method A synthesis (Fig. 3c), the ZIF-8-based coating is formed by
hexagonal-shaped crystals and spheres as well as cubes with rounded
edges. With Method B synthesis (Fig. 3d), on the other hand, the ZIF-8
layer on the surface of the mask substrates is mostly formed of numer-
ous rhombic dodecahedron particles. The SEM images show that most
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Fig. 4. Comparison of ZIF-8-modified and uncoated mask materials by (a) XRD analysis and (b) EDX analysis, and recorded XRD patterns after chemical stability tests by (c)
boiling, and (d) steaming.

of the crystals have good uniformity, sharp edges, and well-defined
facets when using Method B for the photocatalyst preparation. Curi-
ously, the sizes of the synthesized crystals vary considerably. Method
A synthesis results in much larger ZIF-8 based crystals than Method B
synthesis, and huge particles reaching 90�110 �m can be found on the
mask material surface. The typical size of dodecahedron particles after
Method B synthesis is in the range of 500�1000 nm. Even though the
specific surface area and the pore volume of the synthesized particles
using Method B were not measured in this study, according to the
literature [57] and based on the size of particles the aforementioned
parameters correspond to approximately 1500 m2 g*1 and 0:55 cm3 g*1 ,
respectively. The difference in the size of the crystals is likely due to
the difference in the temperature of the synthesis methods. In Method
A synthesis, ZIF-8 was formed at room temperature during mixing
while in Method B synthesis, the formation was performed in situ
on the mask during ironing at 110 ýC. In both cases, simultaneous
coexistence of small and large crystals was observed, which can be
explained by heterogeneous nucleation of crystals at the surface of
existing crystals [58].

XRD patterns were recorded for the mask samples prior to and after
coating with ZIF-8. A typical XRD diagram of the ZIF-8 photocatalyst
deposited on the PP mask is presented in Fig. 4a. Characteristic diffrac-
tion peaks for ZIF-8 were observed at 7:4°, 10:4°, 12:7°, 14:7°, 16:4°,
18:0°, 22:1°, 24:5°, 26:7°, 29:6°. The diffraction peaks correspond well to
crystallographic planes obtained from pure ZIF-8 nanocrystals [45,57],
which confirms the inherent sodalite structure and high crystallinity of
the synthesized particles. The relative intensity of some peaks differs
from pure ZIF-8, presumably due to the change of preferred orientation
of the nanocrystals growth on PP substrate, or affinity interactions
between the ZIF-8 lattice and PP substrate. The chemical stability

of the ZIF-8-modified masks was examined by suspending the masks
in boiling water and applying steam to mimic typical sterilization
processes. During this process, samples were periodically checked with
XRD analysis, which revealed high stability of ZIF-8 coatings. Based on
the XRD analysis, a minor change in peak intensity was only observed
after 60 min of boiling, whereas no changes were observed with shorter
boiling time, nor during the steam sterilization process.

3.2. Activity of ZIF-8-modified masks against S. aureus and MS2

First, the anti-bacterial/viral properties of ZIF-8-modified PP masks
were examined by exposing mask samples toS. Aureusand MS2 bacte-
riophage for 2 h. From the results presented in Fig. 5, it can be seen that
mask material modified with ZIF-8 using Method A showed low activity
against S. Aureusand MS2 Bacteriophage comparable to a reference PP
mask without coating. The PP mask coated with ZIF-8 using Method
B exhibited exceptionally high activity against both S. Aureusand the
MS2 bacteriophage. After 2 h of experimental time under UV light, the
inactivation efficacy against S. Aureusof Sample B reached 99.99%,
which is equivalent to a 4 log reduction. This result is comparable with
the efficiency reached by ZIF-8 in studies of Li et al. [46] against E. Coli
and lower in comparison to sophisticated ZIF-8-based nanodagger ar-
rays published in [59]. Curiously, Sample B showed good antibacterial
properties against S. Aureuseven without UV light irradiation, reaching
inactivation efficacy of 99.95% corresponding to a 3 log reduction. The
difference in the performance of the two samples became even more
clear in the experiments with the MS2 bacteriophage. Sample A did not
show any antiviral properties without UV irradiation whereas Sample
B managed to reduce the amount of MS2 colonies by approximately
90%. Under UV irradiation, the reduction of MS2 reached 22% and
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Fig. 5. Results of anti-bacterial/viral efficacy tests and corresponding log reduction after 2 h of contact time of ZIF-8-modified mask materials with (a�b) S. Aureusand (c�d) MS2
bacteriophage.

95.4%, respectively, for Samples A and B. Taking into account that both
coatings are mainly composed of Zn, the different anti-bacterial/viral
activities should be a direct consequence of the surface morphology,
independent of the chemical composition.

3.3. Activity of ZIF-8-modified masks against HCoV-OC43

The results of antiviral activity tests against HCoV-OC43 achieved
by cytopathic effect assay are presented in Fig. 6. It is worth mentioning
that the number of living cells is presented as absorbance of A570. The
virus control shows a low absorbance due to most of the cells killed
left to stain for blue color. In contrast, the cell control without any
virus infection shows the maximum cell viability, i.e. high absorbance.
Importantly, high viability in Fig. 6b means that ZIF-8-based coatings
are not toxic when tested in human cell cultures indicating safe use
as a coating for commercial face masks. According to the results,
PP mask material modified with ZIF-8 using Method B was showing
high antiviral activity against HCoV-OC43 under UV irradiation. The
infectivity of HCoV-OC43 was totally inhibited when the virus was
exposed to UV light irradiation (365 nm) for 1 h on top of Sample B.
At the same time, mask material modified with ZIF-8 using Method
A exhibited moderate antiviral efficacy against the virus which can
be once again explained due to differences in surface morphology.
Surprisingly, Sample B showed a mild antiviral effect even without
UV irradiation while there was absolutely no effect of Sample A at
similar conditions. Taking into consideration that the uncoated refer-
ence sample did not show any antiviral activity with or without UV
irradiation, the obtained results point to the antiviral properties of ZIF-
8-based coatings. Evidently, the antiviral activity of both ZIF-8-based
coatings, especially Sample B, is increased when exposed to UV light.
Presumably, the ROS generated by the photoactivation of ZIF-8 lead to

a breakage or damage of viral particles leading to inhibition of HCoV-
OC43 infectivity. The ability of ROS to inactivate enveloped viruses,
such as HIV has been previously documented [60] as well as the ability
of H2O2 to inactivate rabies and influenza virus [61,62]. However, the
exact mechanism in the case of HCoV-OC43 remains to be studied.

4. Conclusions

In the present study, different commercially available face masks
were successfully modified with ZIF-8. All tested mask materials, which
included both woven and non-woven samples, were shown to be good
substrates for ZIF-8 deposition. However, a slight difference in the ZIF-
8 synthesis procedures resulted in significant changes in particle size,
which induced distinctive changes in anti-bacterial/viral performance.
It was revealed that the PP mask coated with nanometer-size ZIF-8
particles exhibited high inactivation efficacy against S. Aureus, bac-
teriophage MS2, and low-pathogenic HCoV-OC43 coronavirus. Under
UV irradiation, inactivation efficiency reached 99.99% and 95.4% after
2 h of contact time, respectively for S. Aureus and bacteriophage
MS2, while in case of HCoV-OC43 coronavirus inactivation efficiency
achieved 100% after 1 h of contact time. Even though the photocat-
alytic mechanism of ROS generation capable of inhibiting pathogens
was previously known for ZIF-8 and MOF has previously been found
to have good antibacterial properties, the present research highlights
also the antiviral properties of ZIF-8 against surrogates of SARS-CoV-
2. Furthermore, a valuable finding of this work demonstrates that
developed ZIF-8-based coatings have negligible effects on human cells
in the culture and thus, are not harmful to humans according to the
cytotoxicity analysis. Taking into consideration current developments
in the COVID-19 pandemic, the obtained results hold a lot of promise
for the design of improved protection equipment. Future research
should progress to evaluation of the antiviral efficiency of ZIF-8 against
actual SARS-CoV-2.
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Fig. 6. Results of antiviral efficacy of ZIF-8-modified mask materials against low-
pathogenic HCoV-OC43 coronavirus after 1 h of contact time: (a) mean results for
the antiviral activity, (b) cytotoxicity of samples. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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