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Abstract

The growing demand for sensors in modern technologies has increased the
necessity for efficient and sustainable energy harvesting technologies. Triboelectric
nanogenerators (TENG), which operate based on contact electrification and
electrostatic induction, have garnered significant attention over the past decade.
However, the limited selection of high-performance materials remains a key
challenge in advancing TENG technology. Metal-organic frameworks (MOF), with
their exceptional tuneability in structure and properties, present excellent potential
to develop next-generation TENG materials with enhanced triboelectric output.
Beyond improving performance, MOFs provide a unique platform for studying the
underlying charge transfer mechanisms. In this integrated thesis, the fundamental
principles of TENG technology and recent advances in MOF-based TENGs are
introduced in Chapter 1 and 2, followed by an overview of triboelectric testing

setups and characterisation techniques in Chapter 3.

Chapter 4 to 7 explore different approaches to material and structural design
to enhance TENG performance. Specifically, Chapter 4 examines the influence of
MOF topology on triboelectric output, while Chapter 5 focuses on the effect of
ligand functionalisation. The mechanisms behind these improvements are revealed
by nano-scale chemical and mechanical characterisations, dielectric measurements,
and computational simulations. Chapter 6 introduces a detailed investigation of a
noncontact rotational TENG design, incorporating a fluorinated MOF to extend the
practical applications of MOF-based TENGs. Chapter 7 explores a surface
modification strategy for conventional polymer materials, providing deeper insights

into the charge transfer mechanisms through various proposed models.

Overall, this thesis aims to facilitate the design of high-performance TENG
devices through a materials-driven approach while expanding their potential
applications. The findings are critically summarised in Chapter 8, with a discussion

on future research directions in the field of MOF-based TENGs.
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Introduction

1.1 Motivation

Throughout human history, technological advancements have always been
closely related to the discovery and efficient utilisation of energy sources. Primitive
methods such as generating fire by drilling wood marked the beginning of
humanity’s ability to harness energy. The subsequent discovery of coal as a fuel
source and the invention of the steam engine catalysed the Industrial Revolution,
driving significant industrial and societal transformation. Later, the development of
electromagnetic generators and advancements in oil refinery further enabled large-
scale electricity generation, revolutionising modern life. Today, in the 21 century,
with the rapid expansion of the Internet of Things (IoT), a spurt in demand for
micro-sensors and intelligent devices has raised more attention to alternative energy
harvesting technologies that enable self-powered electronics. Currently, to meet the
energy needs of these devices, conventional batteries remain the primary solution.
However, their limited lifespan, environmental impact, and high maintenance costs

pose significant challenges at scale. With over 100 billion sensors projected to be



1. Introduction

connected to the IoT by 2030 [1], there is growing interest in alternative energy
harvesting technologies that can enable self-powered systems and reduce reliance
on traditional power supplies [2,3].

Triboelectric nanogenerator (TENG), a technology for energy harvesting
developed by Wang et al. in 2012 [4], has emerged as a promising candidate to meet
the energy demand in self-powered sensors. Based on the coupling effect of contact
electrification and electrostatic induction, TENG can convert mechanical motions
into electric energy which offers a tremendous opportunity to develop green energy
solutions in a variety of scenarios [5,6]. TENGs are considered promising
substituents for conventional energy sources in sensors and small-scale electronics

in numerous applications, as shown in Figure 1.1.
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Figure 1.1. Applications of TENG and a road map for the development of TENG
technologies. Adapted with permission from [7]. Copyright 2020 John Wiley and
Sons.
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TENGs have outstanding efficiency in scavenging energy from low-
frequency motions which are ubiquitous in daily activities but mostly wasted to the
ambient background. Through intensive research during the past decade, TENG has
been used to harvest mechanical energy from water waves [8,9], human motions,
mechanical vibration, and wind [10,11]. Beyond energy harvesting, more
applications of TENG have been explored in the field of self-powered sensors
including stress variation detection, gas concentration monitoring, and vital signal
inspection, demonstrating great potential in wearable electronics and healthcare
devices [12]. Despite their advantages, TENGs face critical limitations, particularly
in material selection and relatively low power output. Conventionally, the selection
of TENG pair relies on triboelectric series ranked by the empirical results of
material’s ability to attract or repel electrons while contacting with another material.
Although this series has expanded over time to include a broader range of materials,
from conventional metals to natural products and polymers, there remains a need to
develop new materials for TENG and establish a deeper understanding of the

fundamental principles for material selection.

Recently, metal-organic frameworks (MOF), a class of highly crystalline
porous materials, have shown great potential to enhance the triboelectric output of
TENG devices. MOFs offer unique advantages, including excellent tuneablity with
the constituting metal ion node and organic ligand, which allows for controllable
structures and functional properties for specialised applications. Their tailorable
pore size and high surface area further contribute to their application in TENG. The

design flexibility of MOFs makes them ideal candidates for studying structure-
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property relationships, which can provide guidelines for the development of next-
generation TENG materials with tailored properties for specific applications. In
recent literature, MOFs can either be fabricated as thin films or incorporated as a
filler material to introduce additional charges into the composite film. Since the first
MOF-based TENG proposed by Khandelwal et al. in 2019 [13], research in this
field is still in its early stages. Given the great versatility of MOF structures, there
is a critical need to develop universal design criteria for their integration into TENG

technology.

1.2 Research aims

The main objective of this DPhil thesis is to develop high-performance
metal-organic framework-based triboelectric nanogenerators and broaden their
scope of applications. Previous studies on MOF-based TENGs have focused on
individual materials without comparing different MOFs [14-17], resulting in
fragmented findings and lacking general trends or selection criteria. To close this
knowledge gap, this thesis aims to study the underlying effects of MOF topology
and the electron-withdrawing ability of the constituting organic ligands, in
conjunction with advanced characterisation techniques, thereby establishing a set
of universal selection criteria for MOF-based triboelectric materials. The work also
contributes to a deeper understanding of the underlying mechanism of dielectric-to-
metal type TENG. In addition, leveraging optimised MOF-TENG systems with
superior triboelectric output, this thesis aims to explore advanced applications of

MOF-based TENG.
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1.3 Thesis structure

This integrated thesis is composed of 7 chapters. A summary of the thesis

structure is presented in Figure 1.2.
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Figure 1.2. Overview of main chapters presented in this thesis.

The present chapter (Chapter 1) sets out the motivations and primary
objectives of this DPhil thesis, focusing on the general scope of TENG devices
enclosing MOFs. It provides an overview of the key challenges in energy harvesting
and highlights the potential of MOF-based TENGs.

Chapter 2 provides a detailed background of the research, including a
literature review on TENG technology and the potential of MOF-based TENG in
energy harvesting. This chapter covers the fundamental principles of TENG
operation, key properties of MOFs relevant to triboelectric applications, and the

state of the art in MOF-based TENG research.
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Chapter 3 outlines the experimental methodologies employed in this thesis.
It provides a detailed description of the design and fabrication of triboelectric test
rigs used for evaluating the triboelectric performance of prepared materials. The
chapter also discusses the characterisation techniques employed in this study,
including electrical, mechanical, morphological, and chemical analysis. Detailed
experimental and simulation methods are also introduced.

The following chapters (Chapters 4 to 7) present individual research studies
related to the general topic of MOF-based TENG, with a published paper or
manuscript attached to the end of each chapter. The motivation and background of
each paper are introduced, with a summary of key findings and additional insights
based on the supplementary data.

Specifically, Chapter 4 studies the impact of MOF topology on the
triboelectric output of MOF-based TENGs. Chlorinated zeolitic imidazolate
frameworks, ZIF-71 (RHO topology) and ZIF-72 (LCS topology), which share
identical chemical compositions but differ in topology, were incorporated in
polydimethylsiloxane (PDMS) matrix as fillers for the fabrication of resilient
TENG. This study demonstrates that the prepared ZIF-72/PDMS nanocomposite
exhibited significant electrical output attributed to the high dielectric constant and
surface adhesion of ZIF-72 LCS topology. With advanced characterisation
approaches, specifically nanoscale Fourier transform infrared spectroscopy (nano-
FTIR) and tip force microscopy (TFM), compositional variations at the near-surface
layer of the ZIF-72 nanocomposite and high surface adhesion have been revealed,

which collectively contribute to the promising triboelectric properties of ZIF-72
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based TENG.

Chapter 5 then studies another critical parameter in the design of MOF-
based TENGs—the influence of ligand functionalisation on triboelectric energy
harvesting efficiency. The excellent tuneability of MOF materials provides an
opportunity to enhance their triboelectric performance by tailoring ligand functional
groups towards specific applications. This chapter investigates the functionalisation
of ZIF-8 with various electron-withdrawing groups and evaluates the impact on
triboelectric energy harvesting efficiencies within a poly(vinylidene fluoride)
(PVDF) composite fibre matrix.

Chapter 6 extends the application of MOF-based TENG by exploring a non-
contact rotational mode TENG. Building upon previous studies, ZIF-8 is
functionalised with highly electronegative trifluoromethyl (CF3) groups to yield
ZIF-8-CF3. The prepared composite is assembled into to TENG device capable of
generating high-frequency and high-power output while significantly extending the
device's lifespan due to its non-contact design. The potential applications of this
device, including wind energy harvesting, wind speed sensing, and humidity
sensing, are demonstrated in this chapter.

Chapter 7 focuses on the fundamental mechanisms of contact electrification
(CE) in dielectric-to-metal TENGs. Developed based on the previous
functionalisation approach introduced in Chapter 5, conventional PDMS
membranes are surface functionalised with self-assembled monolayers (SAM). The
underlying mechanisms of different triboelectric properties of functionalised

samples are explained via both electron transfer and material transfer models,
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supported by nano spectroscopic techniques and fine-scale mechanical studies.
The final chapter (Chapter 8) provides a summary of the thesis, presenting
the key results and conclusions. Perspectives and insights towards future research

in the field of MOF-based TENG are also discussed.
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Literature Reviews

2.1 Triboelectric nanogenerators

2.1.1 Operating Modes of TENGs

Triboelectric nanogenerators are a class of energy harvesting devices that
operate based on the coupling effect of contact electrification and electrostatic
induction [18]. While two materials come into contact, surface charge transfer
occurs due to differences in their electron affinities, leading to the formation of
positive and negative electrostatic charges. Upon separation, the opposite charges
on the material surface induce an electrostatic potential difference between the
electrodes attached to materials. If an external circuit is connected between the
electrodes, this induced potential difference will drive electrons to flow between the
electrodes, generating an electric current. Based on the same working principle but
different device configurations, four primary operating modes of TENG have been
developed to accommodate various application scenarios: (1) contact-separation
mode, (2) lateral sliding mode, (3) single-electrode mode, and (4) free-standing

mode.
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2.1.1.1 Contact-separation mode

The contact-separation mode is one of the most extensively studied and
widely applied operating modes of TENGs. It is often used as the standard
configuration for evaluating the performance of different triboelectric materials. In
a contact-separation mode TENG, two materials with differing electron affinities
are periodically brought into and out of contact. During contact, triboelectric
charges are generated as electron-donating (tribo-positive) material transfers
electrons to the electron-withdrawing (tribo-negative) material. During separation,
the induced electrical potential drives electrons to flow through the external circuit.
The contact-separation mode TENG is one of the most important operating modes
for performance evaluation in this thesis. The system can be modelled as the

schematic shown in Figure 2.1.

Charge at electrode 1 (¢S — Q)

X(t) Ar 5 vl I=
a_l

Charge at electrode 2 (Q)

Figure 2.1. Schematic diagram for the modelling of a contact-separation mode
TENG. Reproduced from ref [19]. Copyright 2013 Royal Society of Chemistry.

From fundamental electrostatics, the total charge transfer during contact is
determined by the electrical flux between the two parallel surfaces, known as

Gauss’s Law [20]:

10



2. Literature Reviews

Q = ey = ESepepy, (1)

where Q is the electrical charge transferred between two electrodes and @ is the
electrical flux between the two parallel plates. As the electrical flux is always
perpendicular to the surface of the plates, the total flux can be further expanded to
ES, where E is the electrical field strength and S is the surface area of the electrode
plate. &9 and ¢, are the permittivity of vacuum and the relative permittivity of the
dielectric material, respectively. By applying Equation 1 to a parallel-plate
capacitor model, the electric field strength created by the dielectric material and air

can be written as [21]:

V = End + Eqirx(t) (2)
_ Q . o oS—-Q
En =5l Eay =220 3)
__Q ox(t)
V= o~ (do +x(©) + - (4)

where d 1s the thickness of the dielectric material, dy is the effective thickness
constant (do = d/en), o 1s the surface charge density, x(2) is the distance between the
plates as a function of time. Under open-circuit conditions (Q = 0), the open-circuit

voltage of TENG can be simplified as:

Vo = 220 (5)

€o

For short-circuit condition (V' = 0), the short-circuit charge transfer Qs and short-

circuit current Iy can be derived as [22]:

0., = Sox(t) | _ dQsc _ dQsc dx(8) _  Sody  dx(t) _ Sadov(t)
ST dotx(t)’ € at  ax(t) At (do+x(n)” At (do+x(6)’

(6)
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where v(?) is the speed of the relative movement between tribo-layers. The charge
density of material is considered a crucial limitation to generating a higher
triboelectric output. These equations indicate that the improvement of surface
charge density and contact area of a triboelectric layer will lead to enhanced current

output.

2.1.1.2 Lateral sliding mode

In the lateral sliding mode TENG, charge transfer occurs due to the in-plane
displacement of triboelectric layers. While the top dielectric layer slides over the
bottom layer, the redistribution of surface charge induces a potential difference,
driving the flow of electrons and creating a current flow in the external circuit. A
continuous AC current can be generated from a periodic sliding motion [23]. The
top layer could be either a dielectric material or a metal, as shown in Figure 2.2.
The relationship between voltage, transferred charge, and electrode separation

distance (V-Q-x relationship) for this type of TENG can be presented by:

do

V=- Q+

weg(l—x)

oxdg

go(l—x)

(7
where w is the width of the device and / is the geometric size of dielectric in the
longitudinal direction. As this operating mode does not require an air gap to separate
the two surfaces, it facilitates a more compact device design, making it
advantageous for packaging and integration. However, the cyclic sliding often leads
to mechanical wear, reducing the durability and longevity of the device. Variants of
this mode have been proposed with linear grating structures [24], segmentally
structured disks [25], and cylindrical rotational designs [26], leading to higher

energy conversion efficiencies.

12
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a) b)
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Figure 2.2. Theoretical models proposed for the (a) dielectric-to-dielectric sliding
mode TENG and (b) conductor-to-dielectric sliding mode TENG. Reproduced from
ref [23]. Copyright 2013 John Wiley and Sons.

2.1.1.3 Single electrode mode

The single electrode mode operates similarly to the contact-separation mode
but utilises only one primary electrode. The other electrode works as a reference
electrode for electric potential, which can be placed anywhere or simply grounded.
During operation, a charge transfer from primary electrode to the dielectric layer
will be induced by the contact between the dielectric materials. When the top
dielectric surface is separated from the bottom surface, free electrons in the
reference electrode will flow to the primary electrode in order to balance the
potential difference. The voltage across a single electrode mode TENG can be

represented as [27]:

V= _2 owlC,
c

C1C2+C,C3+C1C3

(8)
where C;, C> and Cj; are the constitutional capacitances of single electrode mode
under open-circuit condition using an equivalent circuit model, as shown in Figure
2.3b. While this mode generates less energy compared to contact-separation mode
due to the electrostatic shielding by the primary electrode, it offers significant

advantages for harvesting energy from freely moving objects such as walking
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individuals or vehicles which does not require a direct electrical connection to both

electrodes [28,29].

2)  r—— b)
-0 C‘! +

X(t) | Charge at electrode 1 (a5 — Q) + C2 :: V1
| Vo —
9| Air R - Cs__ Vs

| -

Charge at electrode 2 (Q)

Figure 2.3. (a) Theoretical model of the single electrode mode TENG. b)
Equivalent circuit model of the single electrode mode TENG in (a). Reproduced
from ref [27]. Copyright 2014 John Wiley and Sons.

2.1.1.4 Free-standing mode

For a free-standing mode TENG, two stationary electrodes are positioned
on the same plane with a gap in between, while a freestanding dielectric layer is
placed above the electrodes. Triboelectric charges will be induced on the surfaces
of electrodes when the dielectric layer is moving between the two electrodes,
therefore resulting in charge flows across the two electrodes through the external
circuit, as shown in Figure 2.4 [30,31]. Similar to single electrode mode, this
configuration enables energy harvesting for a moving object, which does not require
direct connection to the TENG system by wire. This mode is particularly
advantageous for contact-free applications, reducing mechanical wear while
enabling scalable configurations such as sliding [32], grating [33], and rolling
structures [34]. Among these various designs, non-contact rotational TENG is one

of the most attractive configurations of free-standing mode TENG, in which a pre-
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charged surface induces electrostatic induction in the electrodes without requiring
direct physical contact. Compared with conventional electrostatic generators, which
often require an external bias or continuous sliding of brushes to redistribute
charges, TENGs uniquely couple triboelectric charge generation with electrostatic
harvesting under contact-free operation. Once the dielectric surface has been
initially charged by contact electrification, output current will be generated by the
motion of charges on electrodes rather than the triboelectric materials. A critical
challenge in non-contact devices is the decay of surface charges over time, caused
by environmental leakage and charge recombination, meaning that the material
needs to be periodically recharged to maintain performance [179]. Consequently,
the development of strategies to sustain the surface charge of materials are essential
for ensuring stable output and broadening the practical applicability of non-contact

TENGsS.

X(t)

Dielectric

F 3

— L

Figure 2.4. Theoretical model of free-standing mode TENG. Reproduced from ref
[30]. Copyright 2015 Elsevier.

2.1.2 Contact electrification
Although triboelectric nanogenerator is a relatively recent invention, the

phenomenon of contact electrification (CE) has been observed for over 2600 years
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and is a common occurrence in humans’ daily activities. However, the fundamental
mechanisms of CE remain debated due to limitations in the characterisation
techniques [3]. With advancements in technology, CE has found applications in
various fields such as charge-induced adhesion and electrostatic printing, while it
can be undesirable in certain circumstances, such as electrostatic discharge in
microelectronics [35]. Therefore, a thorough understanding of CE mechanisms is
essential for optimising its applications. Over the years, three primary charge
transfer mechanisms have been proposed to lead to the CE, including (1) electron

transfer, (2) ion transfer, and (3) material transfer, as presented in Figure 2.5.

a) b) 15 ) T3
© 5 M d
Z SHS ¢ q
© % g D l)
Electron transfer lon transfer Material transfer

Figure 2.5. Schematic representation of contact electrification mechanisms. (a)
Electron transfer, (b) ion transfer, and (c) material transfer.

Electron transfer is one of the primary explanations for charge generation in
CE. This model suggests that charge transfer occurs in the form of electrons which
is driven by the difference in materials’ work functions or contact potential
differences [36,37]. In general, electrons migrate from a material with a lower work
function to one with a higher work function to achieve Fermi level equilibrium. A
surface state model is often used to illustrate the electron transfer phenomena in

materials whose electronic structures can be represented by a band diagram. For
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materials where such representations are not feasible, an electron cloud overlap
model has been proposed to explain the charge transfer by electrons entering the
repulsive region of another material’s electron cloud under external force [38,39].
A correlation between the triboelectric output and the work function differences of
contacting materials has been revealed to support the electron transfer mechanism
[40,41]. Additionally, more evidence of electron transfer is demonstrated by Liu
and Bard, showing that CE could drive various electrochemical reactions that
typically require electrons [42,43]. However, this model is less convincing for
explaining CE in insulators, as a high energy barrier needs to be overcome for
electron transfer associated with their wide band gap. Moreover, the model fails to
explain the observation that CE occurs between identical materials.

Ion transfer model proposes that charge transfer during CE is driven by
asymmetrically separated mobile ions while contacting two materials [44,45]. This
model suggests that all surfaces absorb water, leading to the formation of a layer of
OH" group, especially for ionic polymer and hydrophilic materials. Diaz et al.
introduced the “water bridge” model, where a water layer is formed at the interface
of non-ionic insulators [46]. The ions will be asymmetrically distributed due to the
chemical potential difference at the water bridge, leading to the formation of
charges. Furthermore, Diaz et al. conducted a semi-quantitative study that
correlated the triboelectric series to the pKj values of polymers. pKj is a value that
reflects the basicity of the polymer, providing a measure of the degree of
protonation. The result suggested a consistent correlation between transferred

charge and proton and ion transfer between the surfaces [47]. However, research
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from Baytekein et al. indicated that CE occurs even under environments with 0%
relative humidity where no water molecule presents, although the amount of
transfer has been largely reduced [48]. This research suggested that the role of water
is significant to stabilise surface charges occurred during CE, but other mechanisms
are also involved. The significance of ion transfer in CE likely depends on specific
material properties and environmental factors.

Mass transfer is another mechanism that was initially not considered a
dominant mechanism as CE is in general too reproducible to be attributed to a
relatively random process as material transfer [36]. However, this mechanism has
drawn more attention in recent years with the advancement of local surface
characterisation techniques such as X-ray photoelectron spectroscopy (XPS),
nanoscopic FTIR, and KPFM [3,49,50]. In 2011, Baytekin ef al. observed a random
mosaic of oppositely charged regions on contacting materials attributed CE
accompanied to material transfer. The observed mosaic charge patterns are verified
by KPFM, confocal Raman, and XPS [51]. The research proposed that the non-
equality of positive and negatively charged species from irregular mosaic structure
results in a net charge on the surface, and this microscopic variation in surface
composition explains the origin of charge formation upon contact between identical
materials [52]. Moreover, a recent study has found that the charge is strongly
associated with the materials’ surface mechanical properties. Sutka ez. al examined
different thermoplastic polymers and found an inverse relationship between surface
charge density and elastic modulus, suggesting that higher adhesion energy

enhances material transfer and charge accumulation [53]. Based on a study on
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PDMS polymer, the prepared PDMS film with a lower cross-linking degree thereby
exhibits higher surface adhesion and higher surface charge, supporting the findings
that polymers with strong surface adhesion and low cohesion energy in bulk
enhance material transfer and higher surface charge. Later, Gong et al. utilised the
strong surface adhesion properties of viscoelastic polymer adhesives (VPAs) to
harvest high triboelectric charges when paired with PTFE [54]. The adhesive
surface demonstrated a great performance enhancement effect compared to non-
adhesive materials, highlighting the potential of adhesive materials for mechanical
energy scavenging.

In summary, while each proposed charge transfer model contains certain
limitations, CE likely arises from a combination of multiple mechanisms. The
relative contributions of electron transfer, ion transfer, and material transfer depend
on the material properties and environmental conditions. As a result, a
comprehensive understanding of these mechanisms is essential for optimising CE
in practical applications and systematically advancing the field of triboelectric

energy harvesting.

2.1.3 Materials for TENG

Despite the rapid development of TENG in the past decade, the selection of
materials remains a critical challenge that limits their practical application and
commercialisation. Conventional selection process for a triboelectric pair depends
heavily on empirical triboelectric series, which classifies materials based on their

triboelectric ability to attract or repel electrons. For the tribo-positive materials,
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metals such as copper and aluminium normally serve as excellent electron donors
[55]. Although the charge density of metal is not the highest among the triboelectric
series, it offers the advantage of functioning as both a positive layer and an electrode,
which significantly reduces the cost and the size of the assembled TENG device.
On the other hand, fluorinated polymers have shown exceptional effectiveness for
TENG applications, especially as the tribo-negative layers due to their strong
tendencies to attract electrons [20]. Commonly used materials such as
polyvinylidene fluoride (PVDF), polydimethylsiloxane (PDMS), and
polytetrafluoroethylene (PTFE) exhibit excellent surface charge density, making
them prevalent choices in TENG studies [55]. Through years of development, this
series has been extended with more advanced materials of different classes [56].
Despite the effectiveness of these electronegative materials, the practicality of
TENG is still limited by the relatively low power output, which fails to meet the
energy requirements for consistently charging daily-use electronics, such as Li-ion
batteries, without substantial storage or hybrid systems [57]. As a result, there is an
urgent need to develop new triboelectric materials with higher triboelectric output
to overcome the current bottleneck. Multiple material-related strategies have been
proposed and explored to enhance the electrical performance of TENG. These
include (1) surface modification for improved surface charge density, (2)
incorporation of filler materials as charge traps, and (3) enhancement of material’s
dielectric constant for higher capacitance [20,58].

The surface property of the material is crucial to the output performance of

TENG, primarily through its inherent tribo-electronegativity and the effective
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contact area with the friction layer. Therefore, many studies have focused on
increasing the surface charge density and optimising the effective contact area by
modifying the surface morphology and functionality of the material. Chen et al.
fabricated a Si02/P(VDF-TrFE) composite film with a layered micro-nano structure
by electrospinning technology for application in stretchable TENGs [59].
Compared to pristine polyvinylidene fluoride copolymer (P(VDF-TrFE)) film, the
Si0; nanoparticles introduced a hierarchical structure of nanofibre network, which
significantly improved the surface roughness, thereby increasing the effective
contact area. The assembled TENG demonstrated a maximum instantaneous output
voltage of 170 V, a current density of 12.5 pA cm™, and a charge transfer density of

24 nC cm™, three times higher than that of the pristine film.

Moreover, embedding fillers into the dielectric material has been
demonstrated as an effective approach to enhance charge trapping, providing
additional pathways for charge accumulation and improving surface charge density.
Wen et al. fabricated a nanocomposite film based on PVDF and monolayer titania
(TOML) filler [60]. With 1.5 wt% of TOML, the prepared TENG device exhibited
a peak output performance of 52.8 V and 5.69 pA cm, achieving a 50-fold increase
in peak output power density. This enhancement was attributed to the abundant
charge-trapping sites provided by TOML, which significantly reduces the

dissipation of tribo-induced charges on the film surface.

According to the fundamental working principle of contact-separation mode
TENG, increasing the dielectric constant of the friction layer material can

effectively improve its surface charge density during operation. Thus, many
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researchers attempted the embedding of high-permittivity inorganic materials such
as perovskites to improve the working performance of TENG. For example, Jie et
al. modified the conventional PDMS by incorporating nanoparticles with a high
dielectric constant, including SiOz, TiO2, BaTiOs, and SrTiO3 [12]. Notably, the
results revealed a direct correlation between the dielectric constant and output
performance, with SrTiO3 embedded PDMS exhibiting the highest output of 305 V

and 7.18 uA cm™, i.e. 1.8 and 2.4 times higher than that of pristine PDMS-TENG.

In addition to the above-mentioned strategies, novel approaches and
materials are still under investigation to overcome the limitation of the output
performance of TENG. The advancement of highly efficient TENG materials will
be essential for the development of sustainable power sources for wearable

electronics, blue energy harvesting, and self-powered sensing applications.

2.2 Metal-organic framework (MOF)-based TENGs

2.2.1 Metal-organic frameworks (MOFs)

Metal-organic frameworks are hybrid nanomaterials fabricated by the self-
assembly of metal ions and organic linkers, resulting in highly structured nanopores
with exceptional crystallinity, as illustrated in Figure 2.6. Since the popularisation
of MOF by Yaghi in 1995 [61], following the pioneering research by Robson and
Hoskins [62], over 20,000 different MOF structures have been developed and

extensively researched for a range of chemical and physical functionalities [63].
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Figure 2.6. General scheme of MOF synthesis. Adapted from ref [64]. Copyright
2010, American Chemical Society.

MOF exhibits several outstanding properties, including ultra-high surface
areas, high porosity, excellent flexibility, and tuneable chemical compositions. The
building unit of MOFs can be customised by selecting various metal ions and
ligands of different lengths and sizes to yield distinct coordination structures and
framework topologies [65]. Therefore, by judicious molecular design and assembly
of the building units, MOFs can be engineered to exhibit tailored geometries and
properties suitable for applications in luminescence [66], dielectrics [67], catalysis
[68], gas adsorption [69], charge transfer [70], drug delivery [71], sensing [72], and
more. Although MOFs offer distinct advantages over traditional porous materials
such as activated carbon and zeolites, one of the major challenges limiting their
application is their chemical and physical stability. Due to the weak coordination
bond within the MOF structure, many MOFs suffer from poor stability when
exposed to solvents, acids, bases, or mechanical stress. As a result, the development
of stable MOFs has become a critical research focus, and the assessment of MOF

stability has become critical for engineering applications [73].
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Since 2019, there has been a growing interest in exploring MOFs for TENG
applications, driven by the need for novel materials with enhanced triboelectric
output to meet practical operational demands [74]. Excellent physicochemical
properties of MOFs, including their large surface-to-volume ratio and tuneable
surface chemistry, enable their electronic structure to be precisely designed to
optimise TENG output performance. Additionally, the potential reasons of using
MOFs as triboelectric materials has been proposed by several researchers. For
example, Mi ef al. claimed that the metal ion centre of MOF provides a dense
electron cloud, which facilitates electron excitation and transfer [75]. While these
metal centres are evenly distributed within the MOF framework, they provide
multiple pathways for charge transport and reduce the energy barrier for electron
escape. On the other hand, the organic ligands of MOF with different spatial
arrangements and abundant electrons contribute to charge separation. The variety
of ligand selection provides an opportunity to establish a clear structure-property
relationship, providing guidelines for novel material design [76]. Moreover, Wang
et al. proposed that the assembled framework structure with high pore density
accommodates and retains more charges with excellent triboelectric properties.
Under external mechanical stress, the lattice of porous crystalline structure will
deform under intermolecular forces, leading to overlap of the building unit, thereby
increasing the contact area and charge density [77]. Together, these perspectives
highlight the promising features of MOFs for triboelectric applications, yet further
work is needed to directly link structural features to the observed triboelectric

performance.
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MOFs can be utilised in TENGs either as thin films or as fillers in polymer
matrices, each offering distinct advantages. As thin films, MOFs provide a well-
defined, uniform interface for charge transfer, ensuring efficient electron exchange
during triboelectric contact. Their high surface area and tuneable electronic
properties enable enhanced triboelectric charge generation. Alternatively, as fillers
in polymer composites, MOFs improve triboelectric performance by modulating
surface roughness, enhancing dielectric properties, and introducing additional
charge-trapping sites. Both preparation methods make MOF-based TENGs
promising for energy harvesting and sensing applications. The following sections
will detail recent advancements in these two approaches toward MOF-based

TENGsS.

2.2.2  MOF thin films for TENGs

Utilising MOF thin films as triboelectric layers in TENG is a
straightforward strategy for preparing MOF-based TENGs. The abundant electrons
and high surface charge from the coordination between the metal ion and organic
ligands at the MOF framework structure enabled the high triboelectric output.
Generally, two methods are employed for preparing MOF thin films for triboelectric
applications: in situ growth on metal electrodes and adhesive transfer using
conductive tape to paste the pre-synthesised MOF powders.

In 2019, Khandelwal et al. first proposed the use of Zeolitic Imidazole
Framework-8 (ZIF-8) as a tribo-positive material in a contact-separation mode

TENG for tetracycline sensing. The ZIF-8 thin film was synthesised via in situ
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growth, with different growth cycles optimising its output. The result shows the
highest power density output of 392 mW m2 at 20 growth cycles, demonstrating

the feasibility of using MOF thin films as charge-generating materials in TENG

[13].
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Figure 2.7. (a) Schematic depiction of ZIF-TENG. (b,c) The voltage versus time
and current versus time graphs for different ZIF-TENG, respectively. Adapted from
ref [78]. Copyright 2020 John Wiley and Sons.

Later, Khandelwal et al. further investigated the triboelectric performance
of various ZIFs, including ZIF-7, ZIF-9, ZIF-11, and ZIF-12, as shown in Figure

2.7 [78]. The research indicated that the surface roughness, MOF morphology, and

surface potential are crucial to the output performance of TENG. The prepared
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samples successfully charged up capacitors and low-power electronic devices, with
ZIF-7 showing the highest open-circuit voltage of 60 V as a result of its high surface

potential and good hydrophobicity.

Khandelwal et al. also reported ZIF-62 in combination with different
negative layer materials for TENG applications [79]. The highest power output is
generated when Kapton serves as the tribo-negative layer, yielding a voltage of 62
V. The prepared TENG was demonstrated to charge capacitors and harvest energy
from human activities such as lifting and squatting, broadening its application scope
to self-powered fitness monitoring and confirming the effectiveness of MOF

materials in TENG.

Jayababu and Kim fabricated a bimetal organic framework (BMOF)
containing both cobalt and zinc metal ions which proved to have enhanced TENG
power output at an optimum Zn composition of 15 mol% [80]. The prepared Co/Zn
BMOF nanosheets were coated on carbon fibre to ensure the flexibility and
structural integrity of the device. Ascribed to the powerful sensing properties of
MOF materials, the fabricated TENG was also tested to be employed as an ammonia
sensor. The prepared device showed great selectivity and high durability towards

ammonia sensing, offering a good prospect for practical applications.

An innovative method was introduced by Li et al to coat MOF
nanoparticles on the surface of the living leaf which can be used to sense the wind
speed and other environmental changes [81]. The surface attached metal-organic

frameworks (SURMOF) have controllable properties by introducing different
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ligands and functional groups, making them more biocompatible and stable. The
prepared living leaf samples show good self-powered sensing properties where a

current signal of 0.8 pA can be achieved under a high wind speed.

In 2022, Shaukat et al. [17] studied the potential of using MOF-5 as a tribo-
positive material in both triboelectric and piezoelectric nanogenerators. Results
show that the MOF-5-based TENG exhibits an excellent output performance of
484 V and 40 pA under contact-separation mode. Moreover, the prepared TENG
was durable under extreme temperature and humidity environments, presenting a
good robustness of electrical output under harsh conditions. Although the study
reports piezoelectric behaviour in the prepared MOF-5/PDMS film, it remains
uncertain whether this property originates intrinsically from the MOF. Further
validation using Piezoresponse Force Microscopy (PFM) and mechanism studies is

necessary to clarify the underlying origin of the observed piezoelectricity.

Table 2.1 summarises the reported MOF thin film-based TENG devices in
recent literature. Although MOF thin films exhibit excellent triboelectric output,
their mechanical stability remains a challenge. Many of the MOFs cannot be grown
directly on the metal substrates, while adhesive-based techniques often result in
inconsistencies in film thickness, impacting triboelectric performance evaluation.
Furthermore, the brittleness of MOF films and particles can lead to material loss
during repeated contact-separation cycles, reducing long-term stability. To
overcome this challenge, alternative fabrication methods such as ink-jet printing
and electrodeposition can help to improve the mechanical robustness and

consistency of MOF films for TENG applications in future studies.
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Table 2.1. Overview of MOF thin film-based triboelectric nanogenerators.
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Table 2.1 (cont’d). Overview of MOF thin films based triboelectric nanogenerators.
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2.2.3 MOF/Polymer composites for TENGs

Instead of using MOFs as standalone thin films, researchers have embedded
these nanoparticles into conventional polymer matrices to enhance the electrical
output of the triboelectric material while simultaneously improving the device's
flexibility and durability. The enhancement of electrical output is attributed to the
improved surface roughness and addition of electron trapping sites within the
polymer matrix created by the high surface-to-volume ratio of MOF nanoparticles.
With more trapping sites and higher electron affinity, more charges can be
transferred and stored deep into the material surface to prevent charge

recombination, thereby generating higher power output [96,97].
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Figure 2.8. (a) Schematic description of using HKUST-1@PDMS as a tribo-
negative layer in TENG. (b) voltage signals of TENG based on the PDMS/HKUST-
1 nanocomposite films. (¢) Humidity sensitivity of PDMS/HKUST-1 TENG output.
Adapted from ref [98]. Copyright 2019 John Wiley and Sons.

In 2019, Wen et al. first developed a humidity-resistive TENG by
incorporating HKUST-1 within the PDMS polymer matrix by solution mixing and
blade casting procedures [98]. Due to the remarkable electron trapping capacity and

dielectric constant of HKUST-1, the power output of prepared TENG increased by

13 times that of pristine polymer. In addition, the nanopores in HKUST-1 exhibited
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water absorption properties, thus enhancing the dielectric constant and increasing

triboelectric output under high humidity conditions, as shown in Figure 2.8.

Moreover, Rana et al. carbonised ZIF-67 to form a cobalt nanoporous
carbon (Co-NPC), which is used as a filler in the charge-generating layer in a non-
contact mode TENG [99]. A filler loading of 3 wt% in the Ecoflex matrix doubled
the power output caused by the high porosity and charge trapping capacity. The
prepared TENG is also capable of sensing human motions and detecting obstacles
within 20 cm range, making it feasible to be combined with Al, human-machine
interface, or other progressive computational techniques. Wen et al. further reported
the approach of using ZIF-8 as fillers in PDMS matrix instead of acting as a tribo-
positive layer in Khandelwal’s research [100]. The addition of ZIF-8 nanoparticles
was found to increase the TENG output up to 176 V and 16.3 pA, over 2 times
higher than that without ZIF-8. A list of MOF-based composites for TENG

applications is summarised in Table 2.2.

Although different MOF materials have been tested to show promising
performance of MOF-polymer composites in TENG, there is a lack of systematic
study on the necessary screening criteria for MOF materials [101]. Moreover, the
quantification of power output for MOF-based TENG devices is not standardised
due to different experimental configurations, making it difficult to compare results
across different studies. Other properties of MOF, such as dielectric constant,
polarity, hydrophobicity, and particle size have been little studied in past literature.
Therefore, there is a need for a better understanding of the structure-property

correlations between MOF structures and TENG device output performance.
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Table 2.2. Overview of MOF composites-based triboelectric nanogenerators.
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Table 2.2 (cont’d). Overview of MOF composites-based triboelectric nanogenerators.
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2.2.4 Applications of MOF-based TENGs

The remarkable improvements in triboelectric performance from MOF-
based TENGs have broadened this technology's application. Moreover, the unique
properties of MOF offer designs of functionalised TENG devices, which have
opened new opportunities for TENG. The critical applications of MOF-based
TENG can be categorised in the following fields: (1) micro-power energy
harvesters [107,111,121], (2) smart sensors for intelligent control or monitoring
systems [85,114,116,122,123]; (3) tactile sensors for robotics [83,87,119,124]; (4)
gas or liquid molecule sensing [93,125-128]; and (5) air filtration [103,120,129-
132].

Firstly, harvesting micropower mechanical energy is one of the most
prominent applications of TENGs. Compared to traditional TENG devices, MOF-
based TENGs have demonstrated significant improvement in energy harvesting
efficiency and long-term output stability. Through years of research, the highest
power density of MOF-based TENG can reach up to 20 W m™ under contact-
separation mode [104,113]. The high operating efficiency offers more opportunities
for micropower harvesting. For example, Li et al. designed a novel multi-
dimensional CoC@FeNiG-F composite derived from a bimetallic MOF. The
prepared composite shows excellent environmental adaptability, specifically
excellent mechanical stability, superamphiphobicity, and anticorrosion. The first
MOF-based liquid-solid TENG has been designed to harvest energy from water
waves, achieving a voltage and current output of 19.7 V and 1.68 uA against

waterdrops, offering great potential in harvesting blue energy [133]. In addition,
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Sasmal et al. incorporated MIL-53 nanosheets within PVDF matrix to boost the
total electroactive phase and dielectric property of PVDF composites [115]. Due to
the high surface area of the 2D MOF structure, both piezoelectric and triboelectric
energy harvesting performance have been enhanced, enabling a higher energy
harvesting rate for applications such as power sources. Recent research of MOF-
based TENGs focusing on improved environmental adaptability and operating
efficiency will be the key to expand the scope to encompass energy scavenging.

Smart sensor for intelligent control is another key application of TENG
devices as the demand for long-lasting, self-powered electronics surges in the era
of Internet of Things. The electrical signal directly generated from TENG avoids
redundant signal processing and identification for intelligent control and sensing.
Different smart control systems have been developed based on MOF-TENGsS,
including a smart home control system for wireless device operation based on MIL-
101(Cr) [116], a smart glove for paralysed patient care employing ZIF-67 [134], a
smart fabric for thermal environment monitoring using ZIF-8 [135], and a Cd-
MOF-based air mouse for remote pointer control [106]. These applications leverage
the high-voltage, fast-response signal from the MOF-TENG devices triggered by
soft contact, converting them into different control information based on the force,
duration, and intervals of contact and separation. With the high sensitivity and long-
term stability of MOF-based TENG, a reliable control and monitoring system can
be designed to fit into a wider range of scenarios.

Moreover, as TENGs generate pressure-dependent electrical signals from

random mechanical motions, the application of TENGs as tactile sensors in the field
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of robotics has become of great interest. From the amplitude and frequency
information of the electrical signal, the operating states of the device can be
analysed, and the specific external stimuli can be quantified. With the involvement
of MOFs, the sensitivity and resolution of TENGs as tactile sensors can be
improved. As a result, MOF-based TENGs are specifically favoured for robotic
grippers for object detection. Kakim et al. designed a three-finger robotic gripper
based on a flexible composite prepared by incorporating 0.25 wt% MIL-125 within
Ecoflex substrate. The gripper collects 20,000 data points from each detection.
Combined with machine learning algorithms and neural networks, the collected
data from the TENG can be studied and processed to predict the shape of objects
on the gripper, with the highest prediction accuracy of 86% [124]. Another novel
robotic application of MOF-based TENG was introduced by Zhou ef al., where the
humidity-sensitive property of MIL-88A was leveraged to design a breathable
gripper that can be actuated with moisture [119]. The opening and closing of
abundant pores in MIL-125 under various humidities regulate the operating angle
of the gripper. Meanwhile, different triboelectric responses can be obtained
depending on the contacting object for perception.

The unique sensing properties of MOFs expand the border of TENG
applications. The sensing properties of MOF originated from the interactions
between the targeted gas or liquid analyte and the host MOF structure. The high
designability of MOF, including its tuneable pore size, topology, and active sites,
has enabled strong sensing potential of MOF [136]. By introducing gas-sensitive

MOFs into TENG devices, the assembled devices are capable of detecting various
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molecules. A formaldehyde sensing device has been designed by Wang et al. made
of ZIF-8/copper foam [125]. Due to the gas adsorption on the ZIF-8 nanopores, the
resistance of device increases as formaldehyde concentration rises, thereby
affecting the triboelectric output. The sensing device exhibits a low detection limit
of 2 ppm and a rapid response/recovery time of 14/15 s, demonstrating excellent
potential in practical applications. Another ammonia sensing device was prepared
by Hu et al., where an in situ grown Ti3C,Tx/ZIF-8 nanosheet was embedded in
cellulose nanofibrous membranes, and then assembled with a negative PVDF layer
to form a triboelectric device [127]. The introduction of ZIF-8 provides active
adsorption sites for ammonia gas molecules, while the functional groups on TizC2Tx
react with ammonia, resulting in an increase in the electrical resistance of the device.
The prepared sensing device shows a linear triboelectric response against ammonia
concentration with excellent reusability. The integration of MOF-TENG with gas
sensing properties has demonstrated great potential for dual-functional sensors as
environmental monitors and is expected to develop more selective, stable, and
scalable devices in future research.

The high internal surface area and rich functionality of MOFs are beneficial
for capturing gaseous air pollutants. While incorporating MOFs in TENG, a dual-
functional air filtration system can be designed to absorb outdoor particulate matter
while monitoring air condition at the same time. For example, Fu ef al. prepared a
conductive cellulose aerogel/Ni-HITP composite for self-powered air filtration and
real-time breath monitoring. Ni-HITP MOF with high surface area and amino

functional groups provides a strong electron-donating effect which boosts the

38



2. Literature Reviews

charge generating performance of prepared TENG devices, thereby providing more
electrostatic charges on the surface of composite to facilitate capture of particulate

matter with a diameter of < 1.0 pum (PMo.1) [103]. Similarly, electrospun fibre of

biodegradable polylactic acid (PLA) was combined with ZIF-8 nanoparticles to
enhance the electrostatic adsorption property for air filtration applications by Zhu
et al. [120]. The team prepared a self-charging air filter operated under airflow
vibrations, demonstrating a high bacterial inhibition rate of 100%
against Staphylococcus aureus. These studies open new avenues for MOF-TENG
devices utilising the unique highly porous properties of MOF.

Other applications of MOF-based TENG have also evolved in more recent
studies, such as anti-corrosion [76,94], catalytic degradation [95], and UV anti-
counterfeiting system [137], where the introduction of MOF also plays a significant
role in these applications. It can be expected that more advanced applications can

be deployed by harnessing the multifunctional nature of MOFs.
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Experimental Procedures and
Methods

3.1 TENG test rig configurations

3.1.1 Contact-separation mode

A customised TENG test bench was designed and built to generate the
mechanical loading required for contact-separation mode triboelectric
measurements, as shown in Figure 3.1. The oscillatory impact was carried out by a
Ling Dynamic Systems (LDS) model V201 electromagnetic shaker, powered by an
arbitrary functional generator (Gwinstek AFG 2105) with a dual MOSFET driver
to achieve its maximum capability. One of the two electrodes of TENG was attached
to the head of the shaker, where the other electrode was attached to a sample holder
in parallel to the first electrode to avoid misalignment between the contacting
materials, with a <10 mm spacing. The force was measured by connecting the
sample holder to a RS Pro stainless steel S beam tension cell (500 kg range)

powered by a DC power supply PS-304 II. The electrical signal from the load cell
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was measured by the digital oscilloscope after being amplified by a signal amplifier
(AD620). The load cell output was calibrated, resulting in the calibration curve

shown in Figure 3.2.

PicoScope

l ‘
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Electrode

v
MOF composite sample

Figure 3.1. (a) Photograph and (b) schematic diagram of a customised test bench

for contact-separation mode TENG electrical output performance tests.
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Figure 3.2. Calibration curve of RS Pro stainless steel S beam tension cell (500 kg
range).

To ensure the robustness and consistency of the testing condition, all
components, including the electromagnetic shaker, force sensor, and sample holder,
were securely mounted on an optical rail (Newport). The space between the two
electrodes can be finely controlled by a Vernier stage for replacing the sample and
adjusting the displacement of the shaker. After assembling the cyclic impact system,
the prepared TENG devices were tested by placing the as-fabricated materials onto
one of the electrodes to study the electrical output at a range of impact forces and
frequencies. Three key electrical properties were measured, including open-circuit

voltage, closed-circuit current, and charge transfer.
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3.1.2 Rotational free-standing mode

A rotational free-standing mode TENG was employed to expand the
potential application of MOF-based TENG, as shown in Figure 3.3. This setup was
built by a previous undergraduate research student in the group, Dylan Jubb, and
subsequently modified by the author. The TENG comprises a stator unit and a rotor
unit. The mounts for the rotor and stator components were 3D printed and attached
separately on two carriages sitting on an optical rail (Newport). The stator
comprised an inner and an outer interdigitated electrode arranged horizontally
without contact, fabricated by an aluminium sheet to allow periodic switch of active

material along the two electrodes while it rotates.

The rotor had a similar design to the inner electrode of the stator with 8
blades. It is driven by a motor powered by a DC voltage supply. A reflective tape
was affixed to the shaft of the rotor to enable a tachometer to record the rotational
frequency of the rotor. The rotational frequency of the rotor was controlled by the
voltage supplied to the motor. To test the triboelectric output of a material, it is cut
into the shape of rotor and adhered to the rotor. For testing under non-contacting
free-standing mode, the rotor is subjected to prior triboelectrification by contacting
with an aluminium sheet. The distance between the stator and rotor is controlled

and recorded by the dial on the vernier stage supporting the stator.
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Figure 3.3. (a) Photograph and (b) schematic diagram of a customised test bench

for free-standing mode TENG electrical output performance tests.

3.1.3 Energy harvesting performance test
To examine the triboelectric output performance, a digital oscilloscope
(PicoScope 5444B) equipped with a 100 MQ high voltage probe (Rigol RP1300H)

was used to measure the voltage output on the PicoScope 7.1 software. An
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electrometer (Keithley 6517B) was used to measure current output and transferred
charge. The measurements were recorded while the triboelectric output voltage was

stabilised after 30 minutes.

For examining the maximum instantaneous power density, a series of
resistors was used to build a closed circuit with TENG devices, ranging from 100
kQ to 2 GQ, while the output voltage was measured by connecting the oscilloscope
in parallel with the load. The peak power density P; under different resistance
loadings was calculated by P; = V?/(RA), where V is the measured voltage across

the load resistor, R is the resistance of the resistor, and A4 is the area of TENG device.

For capacitor charging experiments, a rectifying circuit was used to convert
the AC output from TENG into DC using a full bridge rectifier, with the circuit
shown in Figure 3.4. The energy stored in capacitor E is calculated by E = CV?/2,
where C is the capacitance of the capacitor and V' is the measured voltage across the

capacitor.

Resistor/
Capacitor

Rectifier

Figure 3.4. Full bridge rectifier circuit for energy harvesting.
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To measure the triboelectric response of the TENG device under varying
humidity, a transparent glove bag was used to enclose the entire test rig with a
thermohydrometer sitting next to the sample to record the relative humidity (RH).
The humidity was regulated by either purging dry nitrogen gas to reduce RH or by

dosing humidified gas through a bubbler to increase RH.

3.2 Characterisation techniques

3.2.1 Scanning electron microscopy

Scanning electron microscopy (SEM) was used to visualise the surface
microstructural morphology of prepared materials at high resolution. SEM operates
by the emission of a beam of high-energy electrons from the electron source onto
the specimen surface. The electron beam interacts with the specimen to produce a
signal that contains information about the surface topography and texture of the
material [138]. Two microscopes were used in this study, including a Hitachi
TM3030Plus desktop scanning electron microscope and a LYRA3 GM TESCAN
field-emission scanning electron microscope (FESEM). For membrane and fibrous
samples, Hitachi TM3030Plus was used under the secondary electron (SE) mode at
15 kV with a working distance of 6.5 mm. The morphological images were taken

under 1000x to 5000x magnifications to generate an overview of the samples. For

materials of smaller size requiring higher resolution, such as nanoparticles, the
FESEM was employed at 10 keV with a working distance of 9 mm. The resolution

can reach ~5 nm under optimised operating conditions.
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During sample preparation stage, the specimens were mounted by carbon
tape onto a cylindrical substrate with a diameter of 1.2 cm. To reduce the charging
effect during SEM scans, the samples were sputter coated with Au/Pd using a

sputter coater for 90 seconds.

3.2.2 X-ray diffraction

The crystalline structures of prepared nanoparticles and nanocomposites
were characterised by X-ray diffraction (XRD) using a Rigaku MiniFlex
diffractometer with a Cu Ko source (1.541 A). From the information on peak
position, peak intensity, and peak shape obtained from the XRD patterns, both
qualitative and quantitative analysis of the crystal structure can be obtained [139].
During measurement, a step size of 0.01° in 26 and a scan speed between 0.1°/min
to 1°/min was used depending on the required level of resolution. The simulated
XRD patterns were obtained from the Cambridge Crystallographic Data Centre

(CCDC) database to compare with the experimentally determined pattern [140].

3.2.3 Attenuated total reflection Fourier-transform infrared spectroscopy
The attenuated total reflection Fourier-transform infrared spectroscopy
(ATR-FTIR) was performed on a ThermoFisher Scientific Nicolet iS10 FTIR
spectrometer equipped with an ATR module equipped with a diamond crystal. ATR-
FTIR is a reliable technique to measure the vibrational modes of chemical

compounds, MOFs, and polymers [141]. To obtain the molecular vibration
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information of the sample, an infrared beam was emitted onto a crystal with a high
refractive index, and the incident beam was then modulated by an interferometer
and interacted with the sample assembled on the crystal. This interaction is
demodulated and Fourier transformed to obtain the FTIR spectrum [142]. The FTIR
spectra in this study were obtained under the absorbance mode by taking the
average of 64 scans with a resolution of ca. 0.4 cm™ for a spectral range of 650 to

4000 cm™!.

3.2.4 Synchrotron radiation infrared spectroscopy

The synchrotron radiation (SR) infrared spectroscopy was recorded at the
multimode IR imaging and microspectroscopy (MIRIAM) Beamline B22 at the
Diamond Light Source synchrotron. The mid-IR and far-IR spectra were recorded
under vacuum by a Bruker Vertex 80v FTIR spectrometer equipped with an ATR
accessory from Bruker Optics. Compared to conventional IR sources, SR FTIR has
significantly higher brilliance and a broad range of wavelengths to overcome the
low throughput of lab-based IR spectroscopy [143]. SR FTIR allows measurement
in the terahertz region to obtain far infrared (far-IR) spectra under a wavenumber
range below 700 cm™!, and the signal was detected by a bolometer cooled by liquid
helium. Measurements were conducted with a resolution of 4 cm™ and an averaging
of 256 scans to obtain high signal-to-noise ratio data. Post-measurement, the
obtained data was processed using the OPUS 7.2 software to perform baseline

correction, normalisation, peak fitting, and characteristic band analysis.
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3.2.5 Atomic force microscopy

The surface topography of prepared specimens was characterised by atomic
force microscopy (AFM) using a neaSNOM instrument (Neaspec GmbH). AFM
operates by scanning a silicon cantilever under tapping mode over the surface of a
sample. While tapping the surface at a small amplitude, the tip at the end of the
cantilever will cause the cantilever to bend, deflecting the laser beam to the
photodetector for the construction of a height topography map [144]. In this study,
platinum-coated Arrow-NCPt probe with a tip radius of <25 nm and a resonance
frequency of 285 kHz was used. The collected topographical data were analysed

using Gwyddion 2.59 software [145].

To prepare the samples for AFM, the nanocrystals were first dispersed in a
copious amount of methanol solution. The dilute dispersion was then drop cast on
a cleaned silicon wafer. The wafer is then dried under vacuum at 60 °C for 2 hours

to evaporate the solvent.

3.2.6 Fourier transform infrared nanospectroscopy (nano-FTIR)

The Fourier transform infrared nanospectroscopy (nano-FTIR) combines
the chemical specificity of FTIR spectroscopy with the nanoscale resolution of
AFM. By leveraging the near-field optical effect, a spatial resolution of < 20 nm
can be achieved [146] at the tip of a platinum-coated AFM probe (Arrow-NCPt
oscillating at 285 kHz). Unlike conventional FTIR, nano-FTIR focuses the incident

IR light on the tip apex, creating a near-field interaction between the tip and the
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sample. The scattered IR light, carrying information about local vibrational
properties, is then detected as an interferogram and demodulated at higher-order
harmonics of the tip’s tapping frequency to reduce background contributions. In this
study, the nano-FTIR spectra of samples were determined using a scattering-type
neaSNOM instrument (Neaspec GmbH) operating under the tapping-mode AFM
equipped with mid-IR illumination optics. A broadband mid-IR beam was
generated from a TOPTICA laser source to interact with samples to generate back-
scattered near-field signals, which are then collected by a liquid-nitrogen-cooled
mercury cadmium telluride (MCT) detector. For nano-FTIR absorption spectra, the
collected signal was demodulated at the 2" order harmonics to reduce the
background effect. Each spectrum was obtained at a resolution of 8.3 to 14 cm™!, an
average of 12 individual measurements, and an integration time of 10.2 ms, using
a silicon substrate as the reference spectrum. The collected interferogram and nano-

FTIR spectra were processed and analysed using the neaPLOT software.

3.2.7 Tip force microscopy

Tip Force Microscopy (TFM) was carried out under the contact mode using
the scattering-type neaSNOM instrument (Neaspec GmbH) equipped with Arrow-
NCPt probes. As an extension of AFM technique, TFM enables the nanoscale
characterisation of mechanical properties such as stiffness, adhesion, and elastic
modulus [147,148]. The technique operates by bringing the silicon cantilever in

contact with the sample surface while measuring the force exerted by the tip.
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Prior to each measurement, calibration was conducted to ensure accurate
quantification. The dimensionless stiffness value was first calibrated on a hard
silicon substrate, which was assigned a reference value of 1. Then the Young’s
modulus calibration was performed using Brucker polystyrene (PS)/ low-density
polyethylene (LDPE) sample to yield values of 2 GPa for the PS phase and 100
MPa for the LPDE matrix. The measurements were performed at a setpoint of 95%.
The collected mechanical property data were analysed using Gwyddion 2.59 [145]

software.

3.2.8 Kelvin probe force microscopy

The Kelvin probe force microscopy (KPFM) was carried out using the
Asylum Research Cypher ES AFM equipped with the ASYELEC-01-R2
conductive probe coated with Ti and Ir. KPFM combines topographical imaging
with nanoscale electrical characterisation, which measures the local surface
potential and work function of sample surfaces compared to the contacting probe.
During operation, an AC voltage is applied on the tip to induce oscillating

electrostatic force between the tip and the sample surface.

During sample preparation, the bottom of the prepared sample is attached
to the metal substrate by a conductive adhesive for better electrical contact.
Moreover, the samples need to be stabilised overnight to prevent the accumulation

of electrostatic charges prior to the experiment.
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3.3 Materials synthesis and composite fabrication

3.3.1 ZIF synthesis
3.3.1.1 ZIF-71 family

ZIF-71 and ZIF-72 are MOFs with identical chemical compositions but
distinct topologies. ZIF-71 was synthesised via a solvothermal method while ZIF-
72 was prepared under a solvent-free and high-temperature condition to obtain the
dense framework structure. The synthesis routes of ZIF-71 and ZIF-72 are as

follows:

ZIF-71 (RHQO): 2.4 mmol of zinc acetate (Zn(OAc)2-2H>0) and 9.6 mmol
of 4,5-dichloroimidazole (dcIm) were each dissolved in 15 mL of methanol. After
1 hour of sonication, the two solutions were combined at room temperature and
stirred for 24 hours, forming a white suspension. The resulting product was then
centrifuged at 8000 rpm for 10 minutes and washed three times with methanol to
remove excess ligands. Finally, the purified ZIF-71 powder was obtained by drying

at room temperature overnight.

ZIF-72 (LCS): 2 mmol of zinc oxide (ZnO) powder was physically mixed
with 6 mmol of 4,5-dichloroimidazole (dclm) in a 50 mL Schott bottle. The bottle
was then sealed and heated at 150 °C for 24 hours of reaction. The resulting powder
was washed with excess methanol to remove unreacted ligands, followed by
centrifugation at 10,000 rpm for 10 minutes. After three washing cycles, the

yellowish ZIF-72 powder was obtained by drying at room temperature overnight.
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3.3.1.2 ZIF-8 family
ZIF-8 was functionalised with various electron-withdrawing groups for the
study illustrated in Chapters 5 and 6. All synthesised ZIF-8-X demonstrate SOD

topology with porous structure, despite the differences in the synthesis protocol:

ZIF-8-CH3: 1.2 mmol of zinc nitrate (Zn(NO3)2-6H20) was dissolved in
15 mL of dimethylformamide (DMF) and sonicated for 5 minutes. Then, 2.5 mmol
of 2-methylimidazole (2-mIm) was added, and the solution was stirred for another
5 minutes to ensure complete dissolution. The mixture was then transferred to a
20 mL PTFE-lined stainless-steel autoclave and heated at 100 °C for 72 hours. After
cooling to room temperature, the resulting white suspension was centrifuged and
washed three times with methanol to remove excess linker and solvent. The purified

ZIF-8-CH3 powder was then collected and activated at 70 °C.

ZIF-8-Br: 0.4 mmol of zinc nitrate and 0.8 mmol of 2-bromo-1H-imidazole
(2-Br-Im) were dissolved in 4 mL of ethanol. The solution was then transferred to
a 20 mL PTFE-lined stainless-steel autoclave and heated at 100 °C for 72 h. After
cooling, the resulting yellowish powder was collected by centrifugation, washed

three times with ethanol, and dried at 70 °C overnight.

ZIF-8-CI: 0.4 mmol of zinc nitrate and 0.8 mmol of 2-chloro-1H-imidazole
(2-Cl-Im) were dissolved in 4 mL of ethanol. The synthesis and washing steps were

identical to those used for ZIF-8-Br to obtain a yellowish powder of ZIF-8-Cl.

ZIF-8-CF3: A mechanical grinding approach was utilised for the synthesis

of ZIF-8-CF3. 0.2 mmol of zinc carbonate basic (Zns(CO3)2(OH)s) and 2 mmol of
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2-trifluoromethyl-1H-imidazole (2-CF3-Im) were physically mixed in a 20 mL
glass vial. Then, 50 pL of DMF and three zirconium ball bearings were added to
the solid mixture. The glass vial was placed on a vortex grinder under 1200 rpm for
60 minutes of reaction. The resulting mixture was washed with methanol and

centrifuged three times to yield white ZIF-8-CF3 powders.

3.3.2 Composite fabrication
3.3.2.1 Electrospinning of PVDF

Electrospinning technique was utilised to prepare porous PVDF-based
composite fibres. The PVDF solution used for electrospinning was prepared by
dissolving 13.7 wt% of HSV900 PVDF powder in DMF to form a polymer solution.
The prepared MOF fillers were then combined with the PVDF solution via
mechanical mixing. The homogenised solutions were stored in a glass syringe and
gradually released by a syringe pump at a rate of 0.15 mL/h through a nozzle
connected to a conductive blunt tip. During operation, the blunt tip was electrified
at a voltage of 15 kV by a high-voltage generator, with an aluminum foil placed
16 cm underneath the nozzle, acting as the negative charge collector. The operating
parameters were optimised to achieve a stable Taylor cone at the electrospinning
nozzle. After 1 h of electrospinning, the electrospun fibres forming a porous

membrane were then peeled off and dried.

3.3.2.2 Doctor blade
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Doctor blade casting was utilised to prepare compact MOF/polymer
composites. Polymer elastomer or solution was first mechanically mixed with MOF
fillers. After being dispersed homogeneously by a motor-driven blender, the
MOF/polymer mixture was dripped on a glass substrate and cast by a doctor blade
with a defined gap size to obtain a film with uniform thickness. The cast film was
heated for curation or evaporation of solvents. Then the films were peeled off from

the glass substrate with the assistance of a scalpel.

3.3.2.3 PDMS surface functionalisation

The surface functionalisation of PDMS polymers was performed in
collaboration with Prof. Adris Sutka from Riga Technical University. The prepared
PDMS polymers were first treated with Oz plasma for 5 min to develop hydroxyl
groups on the surface. The polymers were then immersed in ethanol-based solutions
of  (3-aminopropyl)triethoxysilane (APTES), 3-(trimethoxysilyl)propyl
methacrylate (TMSPMA), and vinyltrimethoxysilane (VTMS) at a concentration of
20 g L' for 1 hour. After the treatment, the samples were dried under ambient

conditions for 30 minutes to obtain surface functionalised PDMS.

3.4 Simulations

3.4.1 Triboelectric performance simulation
To simulate the performance of triboelectric nanogenerators, a numerical
model was developed using COMSOL Multiphysics with the Electrostatics Module.

A two-dimensional (2D) model of the TENG structure was created, consisting of a
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triboelectric layer sandwiched between two conductive electrodes with predefined
separation distances. The dimensions of the model were chosen based on
experimental parameters to ensure realistic simulations. Then the dielectric layer
was assigned the respective dielectric constants, surface charge densities, and
mechanical properties. The electrodes were set as aluminium or copper metals to
enable charge accumulation and transfer. The electrostatic potential distribution was
computed using Gauss’s Law, and the voltage output of TENG was modelled under
open-circuit boundary conditions. The output parameters, including electrostatic
potential, electric field distribution, and surface charge density, were extracted and
analysed after computation. A parametric study was conducted to investigate the
effects of key variables such as dielectric thickness and surface charge density on

TENG performance.

3.4.2 Molecular simulations

Molecular Density Functional Theory (DFT) calculations on ligand
molecules for ZIF-8-X in Chapter 5 and SAM molecules in Chapter 7 were
performed using the Gaussian 09 software package [149]. The molecular structures
were first geometrically optimised utilising the B3LYP functional combined with
the 6-31G basis set [150,151]. The optimised structures were verified to be at a local
minimum. Electrostatic potential maps (ESP) were then generated at the same level

of theory to visualise the charge distribution across the molecules.
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Periodic Density Functional Theory calculations on ZIF-8-CF; model in
Chapter 6 were carried out in collaboration with Dr Lorenzo Dona from University
of Turin. Calculations were performed with the CRYSTAL23 [152] code at
PBEso0l0-3¢ [153] level of theory. PBEsol0-3c is a composite method based on a
hybrid Hartree—Fock/DFT Hamiltonian combined with a double-( quality basis set,
augmented with a semiclassical dispersion term and a geometrical counterpoise
correction. For the numerical integration of the exchange-correlation term, 75 radial
points and 974 angular points (XLGRID) in a Lebedev scheme were adopted. The
SCF convergence was set to 10”7 and 10°'° Hartrees during geometry optimisation
and frequency calculation steps, respectively. The Pack-Monkhorst/Gilat shrinking
factors for the diagonalisation of the Kohn-Sham matrix in reciprocal space were
set to 2. The truncation criteria (TOLINTEG) for the bielectronic integrals

(Coulomb and exchange series) were setto 77 7 7 25.

A full relaxation of both lattice parameters and atomic positions was
performed. After geometry optimisation, vibrational frequencies at the I'-point were
computed using two-point numerical differentiation, and the CPHF/KS (Coupled-
Perturbed Hartree-Fock/Kohn-Sham) approach was employed to calculate the
infrared intensities. Subsequently, a Lorentzian peak broadening with a FWHM of

1

8 cm™ ' was employed to simulate both the infrared and Raman spectra.

Electrostatic potential maps and the highest occupied and lowest
unoccupied crystalline orbitals (HOCO and LUCO) were computed at the same
level of theory to analyse the electronic structure of the investigated model system.

Computed results were plotted using JMol [154].
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Topological Effect on
MOF/PDMS Composites as
Tribo-negative Materials

4.1 Background and motivation

MOFs are promising candidates for triboelectric layers due to their unique
combination of properties, including excellent mechanical stability, compatibility
with polymer matrices, and customisable composition and surface functionality.
Among these attributes, the topology of MOFs—a defining structural feature—is
one of the critical factors influencing their chemical, physical, and mechanical
properties. Specifically, the topology of a MOF determines the arrangement of
metal ions and organic linkers, thereby directly affecting the material’s porosity,
density, and dielectric constant, which will impact the electrical output from a

triboelectric nanogenerator.

While using identical constitutional linkers and metal nodes, different

MOFs can be synthesised under different reaction conditions, resulting in structural
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isomers. These isomers share the same chemical formula and atomic ratios, yet
differ in crystallographic arrangement [155]. The fundamental building units of
MOFs are known as metal-organic polyhedra (MOPs), which exhibit diverse
topological configurations depending on synthesis conditions. Even small
variations in the reaction parameters will lead to distinct topological structures and
properties [156,157]. Figure 4.1 demonstrates a variety of typical MOF topologies,

showcasing the diversity of MOP geometries.
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Figure 4.1. Topologies of MOPs. (a) Tetrahedral MOPs of a 3* face symbol and a
6* face symbol. (b) A heterocubic MOP of a 4° face symbol. (c) Cubic MOPs of a
4° face symbol and an 8° face symbol. (d) Octahedral MOPs of a 3% face symbol
and a 6° face symbol. (¢) Cuboctahedral MOPs of a 3%-4% face symbol and a
6%-8° face symbol. (f) Two rhombic dodecahedral MOPs of the same 4! face
symbol and the other rhombic dodecahedral MOP of an 8'2 face symbol. (g)
Truncated octahedral MOP (sodalite (SOD) cage) of a 4%-6% face symbol. (h)
Partially truncated rhombic dodecahedral MOP of a 4°6'? face symbol. (i)
Truncated cuboctahedral MOP (lta cage) of a 4!2-6%-8° face symbol. Reproduced
with permission from ref [156]. Copyright 2015 Royal Society of Chemistry.
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The effect of MOF topology towards applications has been studied
specifically in the field of adsorptive separation and gas storage [155,158-160]. The
topology of a MOF can be regulated to optimise the pore structure and pore size for
selective separation or capture of certain molecules. For example, Wang et al.
reported a topologically guided design of Zirconium-based MOFs for selective
separation of C6 alkane isomers. A MOF with FTW topology is capable of
separating N-hexane with its branched isomers. Another MOF with SCU topology
shows strong selectivity while separating mono- and di-branched C6 alkane isomers
owing to the optimised pore aperture [161]. Moreover, Xue et al. further highlighted
the effectiveness of topology control by developing two new MOFs with FTW
topology through reticular chemistry. The prepared MOFs demonstrate remarkable
performance in propylene/propane separation as a result of modulated rectangular

pore apertures [162].

Despite the highlighted importance of MOF topology in separation, its
effect on the triboelectric properties of MOF remains unexplored. The electrical
performance of a triboelectric nanogenerator can be affected by multiple parameters,
including hydrophobicity, dielectric constant, mechanical properties, and surface
roughness. Modifying MOF topology inevitably alters these properties, potentially
impacting triboelectric output. In 2018, Ryder et al. systematically investigated
various MOF systems with different structural topologies, including IRMOF, UiO-
66, MIL-140, and MOF-74 [163]. The findings revealed a strong correlation
between porosity and dielectric constant, concluding that an interpenetrated MOF

structure with small links exhibited enhanced dielectric responses. Another study
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utilising synchrotron-based infrared reflectivity experiments investigated the
dielectric response of ZIF families [164]. Results demonstrated that the primary
contributing factors to the dielectric constant are closely related to framework

density driven by different topologies.

Moreover, the relationship between ZIF topology and mechanical properties
was studied by Tan et al., where the elastic modulus and hardness of ZIFs with five
different network topologies were studied [165]. Their study established a
structural-mechanical property relationship that the moduli scale nonlinearly with
framework density, while the stiffness increases denser framework structure. These
findings highlight the critical role of MOF topology in TENG applications, where
dielectric properties influence triboelectric charge generation, and mechanical
properties are essential for effective contact area during operation, along with long-

term device stability.

However, current studies on MOF-based TENGs are predominantly limited
to isolated materials, lacking comparative analyses across different MOFs. This has
resulted in fragmented findings and an absence of universal design criteria for
MOFs in TENG applications. Therefore, there is an urgent need for the comparison
of various MOFs to devise a general guideline for a systematic design of MOF-
based TENG. To close this knowledge gap, Paper I is the first study concerning the
chemical and physical properties of two zeolitic MOFs with the same chemical
composition but of significantly different topology and porosity. Moreover,
nanoscale chemical and physical characterisations were applied for the in-depth

analysis of topological effect on triboelectric output. This chapter aims to establish
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selection guidelines for MOFs in TENG devices, providing a foundation for future
advancements in this field. Additionally, the study highlights potential applications
of topologically modulated TENGs in diverse day-to-day scenarios, leveraging the

flexible nature of these potential devices.

4.2 Summary of Paper I

4.2.1 Porous and non-porous MOF synthesis

Paper I introduces the fabrication of novel ZIF-71 and ZIF-72 based TENG
devices to illustrate how modification of MOF topology influences triboelectric
performance. During the material selection process, meticulous screening of
potential MOFs has been conducted for TENG applications, considering factors
such as ligand group electronegativity, mechanical and chemical stability,
hydrophobicity, particle size, etc. The isostructural pair ZIF-71 and ZIF-72 was
selected due to several reasons. Firstly, based on previous MOF-based TENG
research, it has been found that ligands with highly electronegative groups can
improve the triboelectric output as tribo-negative material. The chlorine atoms in
ZIF-71 and ZIF-72 have their potential as charge-generating and trapping sites to
facilitate electron transfer. In addition, ZIF-71 and ZIF-72, despite their identical
chemical composition, are the two extremes of topologies, namely ZIF-71 with a
highly porous RHO topology and ZIF-72 with a non-porous LCS topology.
Furthermore, both MOFs exhibit good chemical and mechanical stabilities, which
are critical for triboelectric applications requiring repetitive use and prolonged

working lifetime. Although a few research have identified the formation of ZIF-72
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through various methods, the chemical and mechanical behaviour of non-porous
MOF (ZIF-72) is rarely studied. This study leverages ZIF-71 and ZIF-72 to evaluate
their potential in TENG applications, providing insights into the relationship

between MOF topology and triboelectric performance.

The topological structures of synthesised ZIF-71 and ZIF-72 were

confirmed by comparison with the simulated X-ray diffraction patterns and FTIR
absorption analysis, as described in detail in Paper I (Figure 2). Figure 4.2

demonstrates the FTIR spectra of synthesised ZIF-71 and ZIF-72 nanoparticles,
both in their pristine form and embedded into PDMS matrices. The spectra of
ZIF-71 and ZIF-72 exhibit similar vibrational bands on FTIR spectra, confirming
their same chemical composition. Within the composites, the characteristic peak
intensity of ZIFs increases along with higher loading percentages without shifting
in vibrational frequency. This is clear evidence that these nanofillers are

successfully incorporated into the matrix without chemical interaction.
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Figure 4.2. (a) FTIR spectra of ZIF-71 embedded PDMS films under different mass
loadings (wt%), compared with the pristine ZIF-71 nanoparticles. (b) FTIR spectra
of ZIF-72 embedded PDMS films under different mass loadings, compared with
the pristine ZIF-72 nanoparticles. (c) Superimposed FTIR spectra of ZIF-71/PDMS
composites between 1192 cm™ and 1210 cm™. (d) FTIR spectra of ZIF-72/PDMS
composites from 1182 cm™ to 1205 cm™.

To examine the relative porosity of synthesised MOFs, Brunauer-Emmett-
Teller (BET) analysis was conducted to measure the physical adsorption isotherms,
with results shown in Figure 4.3. The BET result shows distinct porosity of the pair,
with ZIF-71 having an exceptionally high BET surface area of 874 m?/g, compared
to 5.6 m*/g for the non-porous ZIF-72. ZIF-71 exhibits a type I isotherm, with a
rapid initial gas uptake at low relative pressure and no significant hysteresis loop,

indicating micropore filling. On the other hand, ZIF-72 with type II isotherm
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demonstrates the non-porous nature with limited adsorption on the surface of the

material.
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Figure 4.3. Nitrogen adsorption and desorption isotherms at 77 K for powder
samples of (a) ZIF-71, and (b) ZIF-72.

The drastic difference in the porosity of ZIF-71 and ZIF-72 leads to changes
in their dielectric constants. Due to the presence of air within the porous ZIF-71
framework, its dielectric constant is 3 at 1 MHz, while ZIF-72 shows a higher
dielectric constant of 4.5. After encapsulation in PDMS matrix, both ZIF-71 and
ZIF-72 exhibit an increase in the dielectric constant of composite, but
ZIF-72/PDMS composite indicates a higher dielectric constant, which improved the
dielectric constant of PDMS from 2 to 2.5, as shown in Figure 2e in Paper 1. Since
the dielectric property of a material has a significant effect on its triboelectric
properties [12], the higher dielectric constant of the ZIF-72/PDMS composite

enhances charge induction and storage within a TENG device.
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4.2.2 Triboelectric performance of devices

The triboelectric performance of prepared ZIF-71 and ZIF-72
nanocomposites in actual devices was tested in Paper I (Figure 3). Figure 4.4
compares the open-circuit current and transferred charge from the ZIF-71 and
ZIF-72-based TENGs under oscillatory motion testing under the same temperature
and humidity conditions. Two independent sets of samples were prepared and tested
on different dates to validate the reproducibility of the result. While some variation
in the absolute output values of voltage and current was observed, the results
exhibited consistent trends, indicating good repeatability of the measurement. It can
be observed that both ZIF-71 and ZIF-72 improved the triboelectric output, with
ZIF-72 almost tripling the current and charge output compared to the pristine PDMS.
In addition, the prepared ZIF-72/PDMS TENG exhibits excellent sensitivity
towards varying contacting forces, as shown in Figure 4.5. Both short-circuit
current and transferred charge show improved output with increasing contact force.
The voltage-force correlation shows a two-segmented response. In the low-force
region, the devices maintained a high voltage with a strong voltage-force sensitivity
of 63.4 V/N. While at higher forces, a lower sensitivity of 9.5 was observed due to
the saturation of conformal contact between the composite and the electrode.
Moreover, the prepared device exhibited remarkable durability, maintaining stable
output over 50,000 cycles with fast response time, highlighting its great potential

as a force sensor.
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Figure 4.4. Comparison of (a) open-circuit current, and (b) transferred charge
between ZIF-72/PDMS TENG (1 wt%), ZIF-71/PDMS TENG (2 wt%), and
PDMS-based TENG under 2 Hz oscillatory motion with 16 N impact force.
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Figure 4.5. (a) Open-circuit current, and (b) transferred charge of ZIF-72/PDMS-
TENG (1 wt%) at 2 Hz subject to a varying impact force. (c) Correlation between
force and voltage for ZIF-72/PDMS TENG.
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The superior electrical performance of prepared TENG arises from several
factors. Firstly, the incorporation of MOFs, particularly the non-porous ZIF-72,
improved the dielectric constant of the composite material from 2 to 2.5 at | MHz.
As dielectric constant is fundamental to the charge generation of TENG, whereby
a higher value of dielectric constant is considered an effective method to improve
triboelectric output [166]. Secondly, surface chemical variation creates charge
generating sites validated from nano-FTIR measurements in Paper I (Figure 4),
facilitating surface charge transfer. The chlorinated chemical bonds on the
composite surface improved the charge generating and trapping properties of the
device by higher affinity to electrons and stronger charge retention. Thirdly, the
incorporation of nanoparticles alters the local mechanical properties of the
composite, as determined by TFM, as shown in Figure 4.6. Both the surface
roughness and the effective contact area during charge generation have been greatly
increased. Moreover, the measured Young’s modulus and dimensionless stiffness
were modified by the incorporation of nanoparticles, creating local heterogeneity
in mechanical properties on the surface of the composite film. This heterogeneous
stiffness can lead to non-uniform stress distribution and facilitate charge transfer
[167]. Furthermore, the highest measured surface adhesion force from MOF-based
TENG was significantly improved, increasing from 6.8 nN for pristine PDMS to 71
nN for ZIF-72 incorporated TENG. This improved adhesion leads to greater
separation stress during the contact-separation process, further boosting the
triboelectric output. It is important to acknowledge that the surface roughness eftect

of the prepared PDMS composites will also contribute to the difference in
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triboelectric performance. In the present study, the effect of surface roughness was
considered negligible, as the incorporation of a relatively low concentration of
fillers did not lead to significant changes in the surface morphology of the PDMS
matrix. To summarize, the observed differences in output performance are primarily
attributed to variations in dielectric properties and mechanical properties.
Nonetheless, the potential contribution of morphological differences cannot be

entirely excluded and may require further investigation in future studies.
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Figure 4.6. Nanoscale surface characterisation using TFM to determine the surface
height topography, Young’s modulus, and dimensionless stiffness of the neat
PDMS, ZIF-71/PDMS, and ZIF-72/PDMS films.
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4.2.3 Applications of MOF-TENG

The fabricated ZIF-72/PDMS TENG demonstrated its versatility in applications
such as light-emitting diode (LED) illumination, microelectronics charging, remote
body motion sensing, and Morse code generation, as illustrated in Paper I. Other
than the above-mentioned applications, a prototype of a smart keyboard was also
developed using ZIF-72/PDMS composites as the tribo-positive material. The
keyboard keys were fabricated by sandwiching a ZIF-72/PDMS film between the
two electrodes with a piece of sponge with 1 mm thickness as a spacer to ensure the
recovery of TENG to its initial position after pressing. Four keys were prepared,
named by different letters, including “A”, “S”, “E”, and “T”, as shown in Figure

4.7, which were used to constitute a number of words.
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Figure 4.7. (a) Picture of a smart keyboard and the output electrical signal displayed
on the four-channel oscilloscope. (b-e) Electrical signals collected by typing the
corresponding words and translated based on the chronological order of the
received signal.
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Each of the keys had a contact area of 4 cm? using polyethylene
terephthalate (PET) film as a substrate and was connected to an oscilloscope to
collect the generated electrical signal. Here, the output of all four keys was recorded
simultaneously by the four-channel oscilloscope shown in Figure 4.7a. When
tapping on the keys, the corresponding channel will show a spike in output signal,
representing a capturable voltage being generated. Despite the small contact area
and low force when tapping the keys, the voltage output created by these small
TENG devices can reach up to 20 V. To examine the performance of the keyboard,
different words were typed on the keys to mimic the use of keyboard in real life, as
shown in Figure 4.7b-e. By translating the output signal chronologically, words

9 ¢ 9 e

such as “set”, “east”, “test”, and “estate” can be attained. This prototype outlined
the usage of MOF-TENG as a self-powered smart keyboard when fitting in all

letters and controlling by a central processor. A communication module can also be

implemented to transmit signals remotely.
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4.3 Paper I: High-Performance Triboelectric Nanogenerators
Incorporating Chlorinated Zeolitic Imidazolate Frameworks with

Topologically Tunable Dielectric and Surface Adhesion Properties
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Energy harvesting

Triboelectric nanogenerator (TENG), a device that can convert mechanical energy into electricity based on the
principle of triboelectrification, has gained tremendous attention since its first discovery in 2012. Although
TENG has versatile applications in energy harvesting and self-powered sensing, its commercialization is still
limited by the low power output. Recently, metal-organic frameworks (MOFs), with their large surface area and
excellent tunability, have been explored to enhance the electrical performance of TENG. Herein, we synthesized
nanoparticles of hydrophobic zeolitic imidazolate framework ZIF-71 (RHO topology) and its non-porous coun-
terpart ZIF-72 (LCS topology), which were subsequently incorporated in a polydimethylsiloxane (PDMS) matrix
as filler materials. By modifying the topology of ZIF nanofillers, we found the dielectric constant and surface
adhesion of composites are both enhanced, thereby generating significantly higher triboelectric output. More-
over, we show the resultant ZIF/PDMS nanocomposite films exhibit enhanced triboelectric properties and long-
term stability under cyclic mechanical loading. After integrating the prepared nanocomposite films into TENG
devices, we accomplished the peak output voltage and current of 578 V and 19 pA for thin films (3 x3 cm?,
thickness ~0.33 mm), respectively, by embedding 1 wt % of ZIF-72 nanoparticles into PDMS matrix, with an
instantaneous maximum power density of ~5 W m~2. In this study, the mechanism of improved TENG perfor-
mance by incorporating MOF nanoparticles has, for the first time, been revealed through nanoscale-resolved
mechanical and chemical studies. Furthermore, the practicality of MOF-based TENG was demonstrated by
harvesting energy from oscillatory motions, for powering up commercial microelectronics, transmitting electrical
signals remotely, and functioning as a self-powered Morse code generator.

1. Introduction triboelectric nanogenerators is commonly referred to the triboelectric

series, ranked by the ability to attract or repel electrons through

Triboelectric nanogenerator (TENG) is an evolving technology first
proposed by the Wang group in 2012 [1]. As a simple and cost-effective
energy generating device, TENG is capable of transforming mechanical
motions into electric energy, which can be harvested for a variety of
scenarios, including self-powered sensors [2-5] and energy harvesters
[6,7]. These applications have essential roles in the development of
emergent technologies such as the Internet of Things (IoT) [8], wearable
electronics [9], and artificial intelligence (AI) [10]. Although the
concept of TENG was first introduced in the 21st century, the tribo-
electric effect, a fundamental physical phenomenon, has been observed
for thousands of years, and a number of research have investigated the
theory behind it [11-13]. Currently, the selection of materials for

* Corresponding author.
E-mail address: jin-chong.tan@eng.ox.ac.uk (J.-C. Tan).
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empirical results [14]. For the tribo-positive materials, metals like
copper and aluminum are the conventional options attributed to their
excellent electron-donating properties [15]. On the other hand, for
tribo-negative materials, fluorinated polymers dominate the triboelec-
tric series due to their high electronegativity and surface charge density
[16]. Despite these materials having been present in the series for well
over a decade, the practical applications of TENGs are still limited by the
low power output. The challenge, therefore, is to develop new tribo-
electric materials beyond the ones present on the conventional tribo-
electric series with the aim for overcoming the current bottlenecks.
Through years of development, various strategies have been pro-
posed to improve the electrical performance of TENG, including
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material surface modification [16]. incorporation of filler materials as
charge traps [17], and amplification of material’s dielectric constant
[18]. Among all approaches, the addition of nanoparticles as a filler
material into conventional triboelectric materials is considered as the
most convenient and effective to improve the triboelectric properties of
a material from all above aspects. A variety of materials have been
studied to improve the operating performance and the robustness of
TENG, such as perovskites [19], MXenes [20], graphenes [21], carbon
nanotubes [22], etc. Recently, metal-organic framework (MOF) material
has gained tremendous attention due to its organic-inorganic hybrid
structure. MOF is a class of material fabricated by the self-assembly of
metal ions and organic linkers with formation of well-structured nano-
pores and high surface areas. The high flexibility and tunability of MOF
enable functionalization of its structure for different applications such as
sensing [23], luminescence [24], catalysis [25], and gas adsorption
[26]. Likewise, these excellent properties can be leveraged for
improving the output performance of TENG by tuning the dielectric
constants [27,28], improving the surface charge density or controlling
the surface roughness. In 2019, Wen et al. first developed a humidity
resistive TENG by incorporating HKUST-1 within the PDMS polymer
matrix [29]. Due to the remarkable electron trapping capacity and high
dielectric constant of HKUST-1, the power output of prepared TENG
increased by 13 times compared to that of TENG without MOF. More-
over, Jayababu and Kim fabricated a bimetal organic framework
(BMOF) containing both cobalt and zinc metal ions which showed an
enhanced TENG power output [30]. Ascribed to the tunable sensing
properties of MOF materials, the fabricated TENG was tested to be
employed as an ammonia sensor with great selectivity and durability.
Besides, Rana et al. carbonized ZIF-67 to form a cobalt-containing
nanoporous carbon (Co-NPC) and used it as a filler material for the
charge generating layer of a non-contact mode TENG [31]. A filler
loading of 3 wt % in the Ecoflex matrix improved the power output by 2
times due to the high porosity and charge trapping capacity of MOF.
Later in 2021, Wen et al. further reported the approach of using ZIF-8 as
a filler in PDMS matrix [32]. The addition of ZIF-8 nanoparticles was
reported to increase the TENG output up to 176 V and 16.3 pA, over 2
times higher than that without ZIF-8.

In this work, a chlorinated zeolitic imidazolate framework (a sub-
class of MOF), Zn(4,5-dichloroimidazole)s, commonly known as ZIF-71
with a RHO topology, is selected as the nanofiller for TENG applications.
ZIF-71 has advantages such as ease of synthesis, moderate particle size,
high resistance to humidity, and good compatibility with polymer
matrices. Based on these excellent properties, we further modulated the
topology of Zn(4,5-dichloroimidazole), to a non-porous form with an
LCS topology, named ZIF-72. On the contrary, ZIF-72, due to its dense
framework structure and unconventional synthesis condition, was rarely
studied in literature, yet its unique properties such as higher dielectric
constant (amongst MOF structures) and excellent environmental sta-
bility could be favorable for practical TENG applications. By incorpo-
rating an optimum quantity of the above-mentioned MOF nanoparticles
into PDMS matrix, TENG devices with much enhanced electrical per-
formance were fabricated. We herein report for the first time by taking
the unique advantage of non-porous MOF materials for improved elec-
trical performance of TENG. By comparing the output performance of
TENG based on MOFs with the same composition but different topology,
this work provides valuable insights into the judicious selection of MOF
as triboelectric materials. Based on our findings, we propose that the
high external surface area of MOF is more advantageous for TENG ap-
plications compared with its internal surface area, as a denser frame-
work will improve the dielectric constant for a higher triboelectric
output. The presence of chlorine atoms in the ligand of ZIF-71 and ZIF-
72 induced high electronegativity, hence improving the charge gener-
ating capability of the prepared ZIF/PDMS composites. The high
external surface of MOFs incorporated in polymer matrix created a
larger effective contact area which behaves as charge traps to draw
electrons deeper into the film, creating more opportunities for charge
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transfer.

The effects of physical properties such as porosity, dielectric con-
stant, mechanical property, and surface adhesion on the output perfor-
mance were revealed under various nano-microscopy techniques and
analyzed to establish the general design criteria for the selection of MOF
in TENG. As a result, the prepared TENG devices fabricated by ZIF-71/
PDMS and ZIF-72/PDMS nanocomposites both showed improved elec-
trical output performance compared with a neat polymer, with ZIF-72/
PDMS TENG achieving a high open-circuit voltage and short-circuit
current of 578 V and 19 pA, respectively, which are 2.8 times and 4.2
times higher than the pristine PDMS TENG. An instantaneous power
density of 5 W m~2 was achieved under an external load resistance of 20
MQ. Additionally, a prototype for a pedometer that can transmit signals
remotely via Bluetooth and a Morse code generator device were
designed to demonstrate the future potential of using the ZIF-72/PDMS
TENG as self-powered sensors.

2. Methods
2.1. Materials

All chemicals used in this work are commercially available. Zinc
acetate (Zn(OAc)2-2H50), 4,5-dichloroimidazole (dcIm), zinc oxide
(ZnO), and methanol were purchased from Sigma-Aldrich. Sylgard 184
(polydimethylsiloxane (PDMS) elastomer and curing agent) was ob-
tained from Dow Corning.

2.2. Synthesis of MOF nanoparticles

(1) ZIF-71 nanoparticles were synthesized through a solution mixing
method [33] performed under ambient conditions. 2.4 mmol of zinc
acetate and 9.6 mmol of 4,5-dichloroimidazole were dissolved in 15 mL
of methanol, respectively. After 1 h of homogenization, the two solu-
tions were combined at ambient temperature and stirred for another 24
h to produce a white suspension product. The product was then centri-
fuged at 8000 rpm for 10 min and washed three times in methanol to
remove excess ligands. After drying at room temperature overnight, the
resulting ZIF-71 powder was obtained. (2) ZIF-72 nanoparticles were
synthesized through a solvent-free, high-temperature method [34].
Initially, 2 mmol of zinc oxide powder was physically mixed with 6
mmol of 4,5-dichloroimidazole inside a 50 mL Schott bottle. Then the
Schott bottle was capped and heated at 150 °C for 24 h. The
as-synthesized powder product was then washed with excessive meth-
anol to dissolve the unreacted ligands and then centrifuged at 10,000
rpm for 10 min. After three washing cycles, the yellowish ZIF-72 powder
was dried overnight.

2.3. Preparation of ZIF/polymer nanocomposite

The ZIF/PDMS composite film was prepared by doctor blade casting.
PDMS elastomer was first combined with the curing agent at a weight
ratio of 10:1. The synthesized MOF particles (crystals of ZIF-71 and ZIF-
72) were then added to the PDMS solution at different weight ratios of 0,
1, 2, 3,4 and 5 wt %, respectively. After being dispersed homogeneously
by a motor-driven blender overnight, the ZIF/polymer mixture was
dripped on a glass substrate and casted by a doctor blade with a defined
gap size to obtain a film with uniform thickness. The cast film was then
cured at 100 °C for 30 min in a vacuum oven and peeled off from the
substrate. The prepared ZIF/PDMS composites were cut into small
pieces with a dimension of 3 cm x 3 cm for subsequent tests. The
average thickness of the prepared nanocomposite films was determined
to be ca. 330 £ 30 um.

2.4. Fabrication of TENG devices

TENG devices were fabricated in the contact-separation mode. To
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ensure a flat contact surface, a pair of 3D-printed boards with a contact
area of 3 cm x 3 cm was used as the substrate for fabricating a TENG
device. The customized board was designed to have a uniform force
distribution during oscillatory contact and maintain a low energy loss
through jumper wires. A piece of aluminum (Al) foil was used as the
negative electrode adhered to one of the boards by a double-sided ad-
hesive. The prepared ZIF/PDMS nanocomposite film was then attached
to the Al foil to form the tribo-negative layer. Another piece of Al foil
was pasted on the other board to act as both the tribo-positive layer and
the counter electrode. Three types of TENG devices were prepared by
neat PDMS (P-TENG), ZIF-71/PDMS (Z71-TENG), and ZIF-72 PDMS
(Z72-TENG). The periodic contact-separation movement of TENG was
driven by a permanent magnet shaker (Briiel & Kjeer LDS V201) powered
by a voltage-amplified arbitrary function generator (GW Instek AFG-
2105). In a standardized test, the operating parameters comprising
frequency (2 Hz), maximum impact force (16 N), and amplitude of
displacement (4 mm) for the magnetic shaker were applied. The opti-
mum separation gap of 4 mm was selected to be a standard based on
experimental results as it achieved the highest electrical output by
balancing the effect of impact force and electrostatic potential between
the TENG electrodes.

2.5. Materials characterization

The surface morphologies of the as-prepared MOF materials were
characterized by a field-emission scanning electron microscope (FESEM
LYRA3 GM TESCAN). The crystalline structures of MOF and nano-
composites were analyzed by X-ray diffraction (XRD) using a Rigaku
MiniFlex with a Cu Ka source (1.541 10\). The Brunauer-Emmett-Teller
(BET) surface area of MOF was determined by the N2 physisorption
measurements at 77 K (Autosorb iQ Station 2). The atomic force mi-
croscope (AFM) height topography and nano-FTIR spectra (at ~20 nm
resolution [35]) of the nanoparticles and nanocomposites were deter-
mined from a scattering-type scanning nearfield optical microscope
(Neaspec s-SNOM). A Nicolet iS10 FTIR spectrometer equipped with an
attenuated total reflectance (ATR) module was used to record the
Fourier-transform infrared (FTIR) spectrum. The far-IR spectroscopy
was performed at the multimode IR imaging and microspectroscopy
(MIRIAM) Beamline B22 at the Diamond Light Source synchrotron via a
Bruker Vertex 80v FTIR spectrometer, equipped with an ATR accessory
(Bruker Optics). The dielectric measurements were assessed by an LCR
meter (Hioki IM3536) as a function of frequency sweeping from 4 Hz to
8 MHz. The output voltage was measured by an oscilloscope (Rigol
DS1054Z) with a 100 MQ high voltage probe (Rigol RP1300H). The
output current and charge transfer of the device were measured by an
electrometer (Keithley 6514) and a multifunctional impedance spec-
trometer (IviumStat.h).

2.6. Numerical modeling

The variation of electric potential was simulated using the finite
element method (FEM) implemented in the COMSOL Multiphysics
software. The simulation was performed by the electrostatics analysis
model. The geometry of the simulated triboelectric nanogenerator de-
vice was created to match the dimensions of the actual experiment (an
area of 3 cm x 3 cm for electrodes and composite material, with a
maximum separation gap of 4 mm between the electrodes). Aluminum
was selected as the material for the top and bottom electrodes, and the
material properties of the ZIF/PDMS composite films were specified
based on experimental measurements. The boundary conditions for the
simulation were defined by employing the dielectric surface charge
density measured on the composite surface and the electrode potential
under open-circuit condition. Stationary studies were then performed
with respect to the variation of displacement between the electrodes to
predict the resultant electrical potentials across the triboelectric nano-
generator device.
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3. Results and discussion
3.1. Composite films of ZIF/PDMS

ZIF-71 and ZIF-72 nanoparticles were constructed through the self-
assembly of the Zn?" cations and dcIm linkers, as illustrated in
Fig. 1a. However, the variation of reaction conditions resulted in two
distinctive framework topologies and physico-chemical properties. The
SEM micrographs of the single nanoparticles of ZIF-71 and ZIF-72 are
shown in Fig. 1b and c. Dissimilar crystal morphologies have been
observed for ZIF-71 and ZIF-72. Specifically, ZIF-71 is a rthombic do-
decahedron nanocrystal with well-defined facets, whereas ZIF-72
nanoparticles exhibit no specific morphology. Based on the AFM
height topography shown in Fig. 1d-g, the lateral crystal size of ZIF-71
was found to be ~730 + 130 nm with a height of ~250 + 60 nm. In
contrast, ZIF-72 has a relatively smaller particle size of ~150 + 60 nm,
and with a stronger tendency to form aggregates.

The FTIR spectra of prepared nanoparticles in both mid-IR and far-IR
regions are shown in Fig. 2a and b, respectively. Due to the same
constituting dcIm ligand and corresponding functional groups, ZIF-71
and ZIF-72 show similar vibrational modes. However, some minor dif-
ferences are identifiable due to the difference in their coordination
structure. The shifts of peaks are observed at 1466 cm ™! for N — CH
bending, and 1202 cm ™! for CH bending. Some distinct peaks also exist
for ZIF-72 at 1414 cm™' and 1350 cm™! which originate from the
different topological arrangement of atoms within the framework
structure. Within the far-IR region, similar results are identified with
subtle differences detected in the terahertz (THz) collective modes due
to the metal-ligand interactions. Moreover, by incorporating the ZIF-71
and ZIF-72 fillers into the PDMS matrix, there is no obvious band
shifting observed from the FTIR spectra, which imply minimal chemical
interactions between the fillers and the PDMS matrix, and thus no sign of
decomposition of the MOF fillers. The superimposed FTIR result shows a
clearer view of the relationship between the peak height at 1202 cm™!
and the amount of MOF loading (wt %), as shown in Fig. S1 of the
Supplemental information (SI).

Fig. 2¢ shows the crystallinity of the as-synthesized ZIF-71 and ZIF-
72 nanoparticles, characterized by powder XRD. Both diffraction pat-
terns are consistent with the simulated pattern, indicating the successful
fabrication of the MOF structures. It can be seen that ZIF-71 with an
RHO topology shows Bragg peaks at 26 angles of 4.4° and 7.6°, whereas
ZIF-72 with an LCS topology exhibits salient peaks at 12.7° and 16.9°.
Meanwhile, after the incorporation of MOF nanoparticles into PDMS
matrix, the intensity of the main Bragg peaks increases with higher MOF
loading which suggests a homogeneous dispersion of nanoparticles
within the polymer matrix, and the crystallinity of ZIFs was retained, as
shown in Fig. S2. The surface morphologies of the composite films of
ZIF-71/PDMS and ZIF-72/PDMS are shown in Figs. S3 and S4.

3.2. Contact electrification and the effect of dielectric constant

Fig. 2d illustrates the structure of a conductor-to-dielectric contact-
separation mode TENG, prepared using the ZIF/PDMS nanocomposites.
The as-prepared composite film with a size of 3 cm x 3 cm was sand-
wiched between a pair of Al electrodes, the former acts as a tribo-
negative layer for charge generation and charge storage. The working
principle of a contact-separation mode TENG can be explained using the
proposed electron transfer model [2,36]. At the initial stage (Fig. 2d(i)),
the top electrode is not contacted with ZIF/PDMS nanocomposite film,
and no charge transfer occurs between the electrodes. When the top
electrode and ZIF/PDMS nanocomposite come into contact under the
application of an external force (Fig. 2d(ii)), equal and opposite charges
are induced on the contacting triboelectric surfaces due to tribo-
electrification. The high electron affinity of the ZIF/PDMS nano-
composite attracts the electrons from the more electron-donating Al
metal layer on its top. As a result, the nanocomposite layer becomes
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Fig. 1. (a) Schematics illustrating the synthesis routes of ZIF-71 (RHO topology) and ZIF-72 (LCS topology) nanoparticles (color scheme: ZnNy tetrahedron in yellow,
nitrogen in purple, carbon in gray, hydrogen in white, and chlorine in green). (b) SEM micrographs of ZIF-71 nanocrystals. (¢) SEM micrographs of ZIF-72 nano-
crystals. (d,e) AFM height topography of ZIF-71 single crystals and the corresponding cross-sectional profiles. (f,g) AFM height topography of ZIF-72 single crystals

and the corresponding cross-sectional profiles.

negatively charged, while the top metal electrode acquires a positive
charge of equal magnitude. Subsequently, when the contacting force is
released (Fig. 2d(iii)), the nanocomposite layer separates from the top
electrode and a potential difference is induced, driving the electrons to
flow from the bottom electrode to the top electrode through the external
circuit. When the contact force is completely released and a fully sepa-
rated state is reached (Fig. 2d(iv)), the electrons stop flowing. Subse-
quently, when the top metal electrode is brought into contact again
(Fig. 2d(v)), it approaches the highly electronegative nanocomposite
layer, causing the electrons to flow in the reverse direction. The flow of
electrons stops when a fully contacted state is reached again (Fig. 2d(ii)).
Through periodic contact and separation cycles, an alternating current
(AC) output can be generated. For a conductor-to-dielectric con-
tact-separation mode TENG, the potential difference between the
triboelectric materials (AV) can be expressed as [37],
0 ox(1)

AV = Ead+ Eqex(t) = — ¢ = (do +x(1) ) + == €))
0 0

where E; is the electrical field strength of dielectric material (in this
case, the ZIF/PDMS nanocomposite), d is the thickness of the dielectric

material, x(t) is the distance between the plates as a function of time,
and Q is the electrical charge transferred between the two electrodes. &

and ¢4 are the permittivity of vacuum and the relative permittivity of the
dielectric material, respectively. dy represents the effective thickness
constant (dy = d/eq4), and o is the surface charge density. Under open-
circuit condition, where no electric charge is transferred between the
two electrodes (Q = 0), the open-circuit voltage (V,.) of TENG can be
simplified as,

ox(t)

Voe = (2)
&9

From Eq. (2), it can be seen that the surface charge density of the
dielectric material is a crucial parameter to determine the output
voltage, and can be further expanded to [38],

&€V

4 3

where V,; is the triboelectric voltage that is dependent on the material
itself. According to Eq. (3), the dielectric constant of material (¢4) cor-
responds to one of the most important properties for TENG output. By
modulating the topology of ZIF-71 to ZIF-72, the dielectric constant of
the nanocrystal is improved from 3.0 to 4.5 at 1 MHz, as shown in
Fig. 2e. The higher dielectric constant of ZIF-72 compared with ZIF-71
can be attributed to its non-porous structure. The porosity level was
confirmed by Ny adsorption-desorption isotherms at 77 K (Fig. S5),
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where the BET surface areas of (porous) ZIF-71 and (dense) ZIF-72 were
determined as 874 m?/g and 5.6 m?/g, respectively. Normally, a ma-
terial with high volumetric density and highly polar molecular groups
tends to have a higher dielectric constant [39]. Likewise, a porous MOF
structure is known to exhibit a smaller value of dielectric constant due to
the presence of air (¢4 ~ 1) in the pores [40,41]. Since ZIF-71 and ZIF-72
structures comprise the same dcIm linker with abundant and polar C—Cl
bonds, the difference in their volumetric densities in consequence of
their structural topology played a critical role to their dielectric con-
stants. For ZIF-71, the existence of its nanopores hinders its polariz-
ability and reduces the effective dielectric property. In contrast, the
dense framework structure of ZIF-72 has a significantly lower porosity,
thereby resulting in greater polarizability. The theoretical density of
ZIF-72 determined from its crystal structure is 1.77 g cm™>, whereas
ZIF-71 has a relatively lower density of 1.15 g cm™°. Therefore, the
higher volumetric density of ZIF-72 leads to a larger dielectric constant.
Fig. 2e also shows the measured dielectric properties of the pristine
PDMS (neat), ZIF-71/PDMS and ZIF-72/PDMS thin films under a broad
range of frequencies from 4 Hz to 8 MHz. With the incorporation of
ZIF-71 nanoparticles into the neat PDMS (¢4 ~2.05), the dielectric
constant was found to be improved, with the highest dielectric constant
of 2.3 achieved at 2 wt % of ZIF-71 at a frequency of 1 MHz. On the other
hand, incorporation of ZIF-72 further improved the dielectric constant
up to 2.5 under a filler loading of 1 wt %. Both MOFs were found to
improve the dielectric constants of the PDMS film with a similar trend.
This increment of dielectric constant can be explained by the formation
of micro-capacitors as MOF nanoparticles are incorporated into the
polymer matrix. The nanoscale capacitor networks increase the polar-
izability of the MOF-based nanocomposite material, and as a result they
enhance the dielectric properties. However, as the MOF loading

increases beyond a threshold value (see Fig. S6) a decline in dielectric
constant was observed, this could be attributed to the adverse effect of
filler aggregation.

An FEM simulation was also performed using the COMSOL software
to model the electric potential generated between the two electrodes of a
TENG device, as shown in Fig. 2f. Experimental measurements of
dielectric constant (at 1 MHz) and surface charge for different materials
were applied as inputs for the FE simulation. The general trend of
electrical potential during operation is inline with the proposed working
principle, which increases with a larger separation distance between the
pair of electrodes. ZIF-72/PDMS composite with higher dielectric con-
stant also shows a much higher electrical potential compared with ZIF-
71/PDMS and neat PDMS polymer, indicating the important role of
dielectric constant. We note the overpredictions in the magnitude of the
output voltages, which can be ascribed to the idealized model and loss-
less boundary conditions imposed in the model, compared with real
materials with imperfections as observed in the experiments.

3.3. Output performance of ZIF/PDMS TENGs

The output performance of the assembled MOF-TENG was measured
on a customized test bench to study the effect of nanoparticle embed-
ment. The open-circuit voltage, closed-circuit current, and charge
transfer between the electrodes of TENG were measured for both Z71-
TENGs and Z72-TENGs at different wt % loadings. Fig. S7 shows the
experimental setup for the electrical output performance of TENGs and
the dimensions of the fabricated nanocomposite films. Fig. 3a and b
show the relationship between the filler loading in polymer matrix and
the electrical performance of the device. For Z71-TENG, it was estab-
lished that a 2 wt % composite exhibits the most outstanding electrical
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Fig. 3. (a) Open-circuit voltage of Z71-TENG at different mass loadings (wt %) under an oscillatory motion of 2 Hz. (b) Open-circuit voltage of Z72-TENG at different
mass loadings under an oscillatory motion of 2 Hz. (c) Comparison of electrical output performance between Z72-TENG (1 wt %), Z71-TENG (2 wt %), and P-TENG
under 2 Hz oscillatory motion with 16 N impact force. (d) Electrical output performance of Z72-TENG at 16 N under different frequencies. (e) Electrical output
performance of Z72-TENG at 2 Hz with varying impact forces. (f) Durability test of the Z72-TENG subject to a continuous test of 10,000 impact cycles. (g) Peak
voltage, current, and power density of Z72-TENG as a function of load resistance. (h) Schematic of an electrical circuit designed for the practical application studies of
Z72-TENG. (i) Capacitor charging curves by operating Z72-TENG at 2 Hz for 0.1, 0.47, 2.2, and 10 pF capacitors.

performance with nearly doubled improvement of all electrical prop-
erties compared with the neat PDMS film, as shown in Fig. S8. Besides,
the Z72-TENGs show a similar trend to Z71-TENGs, with the highest
power output observed for the 1 wt % composite film. A remarkably
high electrical output was obtained with an open-circuit voltage of
578 V, a peak-to-peak voltage of over 1139 V and a closed-circuit cur-
rent of 19 pA, over 4 times higher than the neat PDMS film under
identical test conditions. It is also worth noting that a reduction of
output power was observed at higher MOF loadings. Such a decline can
be attributed to the aggregation of nanoparticles at a higher mass con-
centration within the polymer matrix, which can also be observed in the
SEM micrographs (see Fig. S3).

To have a closer look at the effect of embedding MOF nanoparticles
into the matrix of a triboelectric composite material, the films of the
highest electrical output were selected and compared with the pristine
PDMS film, as shown in Figs. 3c and S10. The incorporation of MOFs
shows a significant improvement in terms of the charge generating and
charge trapping capacities of MOF nanoparticles. The presence of
chlorine atoms in the ligand of ZIF-71 and ZIF-72 induces high elec-
tronegativity [42], hence improving the charge generating capability of
the composite films. Moreover, more trapping sites are created by the
uniform distribution of nanoparticles within the polymer matrix which
can facilitate the charge transfer and charge storage within the com-
posite. These trapping sites also hinder the charge recombination effect
at the material surface during contact electrification, whereby drawing
more charges to the inner structure of the material. On this basis, it can

be reasoned that more induced charges can be collected at the chlori-
nated groups of ZIF-71 and ZIF-72 nanofillers, thereby enhancing the
overall charge density of the material.

In addition to the study on the effect of mass loading, the frequency
dependency of the electrical performance was also investigated under a
range of frequencies from 0.5 Hz to 4 Hz generated by the magnetic
shaker. Results in Fig. 3d reveal that the output voltage of the Z72-TENG
showed an increasing trend with rising input frequency of the impactor.
With an increase in the operating frequency, an unsymmetric voltage
profile was observed due to the varying strain rates of the magnetic
shaker [43]. We hypothesize that the higher frequency results in a faster
contact speed, leading to a higher positive voltage. Meanwhile, the
insufficient displacement during separation causes a lower absolute
value of the negative voltage.

Moreover, the influence of the applied force on the output perfor-
mance was investigated under varying forces from 3 N to 16 N ata 2 Hz
input frequency. The force of the impact was controlled by the voltage
supplied to the magnetic shaker and measured by a calibrated force
transducer. Fig. 3e and Fig. S12 show the correlations between the
impact force and output voltage, current, and charge. Specifically for the
output voltage, a linear correlation can be found at the lower-force re-
gion (0-10 N), where the TENG device exhibits a higher sensitivity of
63.4 V/N with good linearity. Therefore, there is scope for deploying the
Z72-TENG as a self-powered force sensor, and it is worthwhile to
investigate this avenue in future. The durability of the Z72-TENG device
was also tested, since a long working time and stable power output is
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crucial for practical implementations. To verify its robustness, the
variation of its voltage output over continuous operation of 10,000 cy-
cles under 2 Hz was recorded and shown in Fig. 3f. Moreover, the
durability of prepared Z72-TENG and Z71-TENG over 50,000 cycles was
tested under 5 Hz as shown in Fig. S14. At a longer run of 50,000 cycles,
arelatively stable voltage was delivered throughout the cyclic tests, with
an overall degradation of 10.6 % in peak voltage observed for Z72-
TENG. During the cyclic impact, the prepared ZIF-72/PDMS nano-
composite showed good structural resilience and excellent attachment
to the metal electrode. There was no significant change on the
morphology of contacting surfaces, and structural integrity of electrode
and nanocomposite was well-retained, as shown in Fig. S16.

The fabricated MOF-TENG devices were then connected into a closed
circuit with varying load resistances, to examine the optimum operating
conditions and to validate the practicability for real-world applications.
Under a constant input frequency of 2 Hz and a compression load of
16 N, the closed-circuit voltage (Vs) and closed-circuit current (Ig)
across the load resistor were measured, with power density P, calcu-
lated using the equation Py = (V. .Ii)/A, where A is the nominal contact
area. As shown in Fig. 3g, the Z72-TENG achieved a maximum power
output of 5W m? employing a load resistance of 20 MQ, with
measured voltage and current showing an inverse relationship due to
ohmic loss. Notably, the optimum operating resistance of Z72-TENG is
lower than pure PDMS-based TENG reported in other studies [44] due to
the improved capacitance from the addition of ZIF-72. This optimum
resistance corresponds to the internal resistance of the generator, where
a low impedance can lead to a broader application in real life [45].
Furthermore, the improvement achieved in voltage, current, and output
power density by Z72-TENG is compared with other reported works of
PDMS-based TENG, as summarized in Table S1. For instance, in com-
parison to the study conducted by Guo et. al [46], where a fluorinated
MOF, KAUST-8 was incorporated in PDMS as triboelectric material,
although a similar maximum voltage was achieved, our Z72-TENG
exhibited an order of magnitude higher current output and power
density. Previous studies have also explored other MOF@PDMS com-
posite materials, including ZIF-8 [32], UiO-66 [47], and its derivatives
[48], and our Z72-TENG demonstrates 3.3, 2.8 and 3.0 times higher
peak voltage output compared with these studies respectively. Although
the experimental setup in each study is different in frequency, force, and
exact configuration, broadly it can be seen that the electrical perfor-
mance of Z72-TENG prepared in this study are positioned among the
highest-performing works in the field.

3.4. Charging and discharging of portable commercial electronics and
LEDs

To verify the effectiveness of TENG as an energy harvester, the
alternating current produced by TENG was harvested and stored into
capacitors through a full rectifier circuit, shown in Fig. 3h. After induced
charges passing through the rectifying circuit, the alternating current
was converted to direct current by a network of diodes, therefore
reducing the energy loss during the charging process. The rectified
current can be subsequently used to charge up capacitors and other
small consumer electronics. As shown in Fig. 3i, several commercial
capacitors with capacitances ranging from 0.1 pF to 10 pF were charged
by a steady 2 Hz oscillation motion and 16 N compression load. A
reasonably high charging voltage can be attained for all capacitors after
a relatively short time of ~1 min, with less charging time required for
smaller capacitors. More specifically, the result shows a charge voltage
of 10 V for a 0.1 pF capacitor within 15 s, which suggests the feasibility
to redistribute the stored electricity to other electronics. The difference
in the charging speed to a 2.2 pF capacitor by Z72-TENG, Z71-TENG,
and P-TENG is compared in Fig. S17. The prepared Z72-TENG shows
significantly higher energy harvesting rate under the same testing con-
ditions. For verification, a 47 pF capacitor was first charged to 3 V by the
Z72-TENG and subsequently used to power up microelectronics,
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including a humidity thermometer, a digital timer, a calculator, and an
array of LEDs. The charge-discharge curves for the different electronics
are displayed in Fig. S18. Video S1 shows the charging of a commercial
calculator. As the selected electronics have distinct operating voltage
and power consumption rates, the operational time for each electronic
was also recorded. We found that the charged capacitor can successfully
power up all these electronics, with the calculator having the longest
standby time among the four, where the number displayed on its screen
remained visible after 30 s of operation. The illumination of 300 LEDs
powered by the Z72-TENG was also demonstrated in Fig. S19 and Video
S2.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2023.108687.

3.5. Probing triboelectrification mechanism of ZIF/PDMS composites via
nanoanalytics

To further investigate the fundamental triboelectrification mecha-
nism of ZIF/PDMS composites, we employed the near-field s-SNOM
technique in combination with nano-FTIR and tip-force microscopy
(TFM) technique to reveal the local chemical and mechanical informa-
tion at a resolution of 20 nm. The nano-FTIR spectra of ZIF-71 and ZIF-
72 single crystals shown in Fig. 4a-c are consistent with ATR-FTIR re-
sults (Fig. 2a), with the main characteristic peak at around 1050 cm™*
corresponding to the in-plane deformation of the imidazole ring [49].
After incorporating ZIF-72 nanoparticles into PDMS matrix, this main
peak of nanofillers remains detectable from nano-FTIR taken across the
composite, as shown in Fig. 4d-e. Although the characteristic peaks for
PDMS at 1100 cm ™! and 1263 cm ™" still dominate at sampling points 1
and 3 as ZIF-72 particles are partially buried beneath the cross-linking of
PDMS matrix, these nanoparticles are close enough to the material
surface to alter the properties of the interface. Consequently, we propose
that this nanoscale compositional variation at the near surface layer will
lead to formation of charge traps by dissimilar functional groups with
enhanced electron affinity, thereby generating higher triboelectric
output.

The nanoscale mechanical properties at the composite surfaces were
further investigated by TFM. As shown in Fig. 4f-i, the ZIF-71 and ZIF-72
nanoparticles present at the surface significantly have improved the
surface adhesion of PDMS matrix to an order of magnitude higher.
Previous research has found close relationship between adhesion energy
and triboelectric output [43,50]. The nanostructure of ZIF-72 with high
adhesion energy on PDMS surface improves the stress of contact and
separation. As a result, the higher stress facilitates the energy conversion
towards triboelectric energy and improves the amount of surface charge
transfer [51]. The effect of adhesion force on the triboelectric output can
also be revealed through the output voltage profile of TENG devices. As
shown in Fig. 3b, Z72-TENG shows higher output voltage during sepa-
ration with a more negative peak value compare with P-TENG. This
finding can be explained by the higher acceleration during material
detachment due to the greater adhesion force of ZIF-72/PDMS. The high
separation acceleration resulted in strong electrostatic potential, thus
more charge can be transferred. In addition, from the AFM height
topography images shown in Fig. S20, the surface roughness of the
composite material appeared to have increased at the nanoscale after the
incorporation of ZIF-72 nanoparticles, thereby increasing the effective
contact area during triboelectric charge transfer. Taken together, we
conclude that such nanomechanical effects observed from nano-resolved
investigations combined to result in the excellent triboelectrification
property of ZIF-72/PDMS composites.

3.6. Further prototypes of Z72-TENG devices
Example real-world applications of prepared Z72-TENG devices were

designed and tested outside a laboratory setting. To improve the
compatibility of TENG in practical scenarios, the triboelectric material
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top-right corners.

was attached onto a flexible substrate instead of a hard 3D-printed
board. In addition, by removing the top electrode of the contact-
separation mode TENG, a single electrode mode Z72-TENG was fabri-
cated for more versatile applications [52]. Fig. 5a illustrates the oper-
ation of TENG from daily human motions, such as touching, tapping,
and smashing. The latex glove on the hand acted as a tribo-positive
material, thereby transferring charges to the bottom electrode when it
is in contact with the prepared ZIF-72/PDMS film. As the tested
biomechanical motions were under different contact forces, different
voltages were generated in proportion to force with a sensitive response.
This demonstration proves the potential application of Z72-TENG to
monitor different body motions as well as to harvest energy to enable the
powering of portable electronics.

In addition to its application as an energy harvester, the Z72-TENG
was also established to be an effective sensor to monitor the surround-
ing mechanical motions. Here, a prototype for a small TENG-based
pedometer was designed to transmit output signal remotely via Blue-
tooth, as shown in Fig. 5b. The prototype constitutes of a ZIF-based
TENG device, a capacitor, a Bluetooth module, and a central Arduino
controller. During operation, a mechanical motion to the TENG device
triggered a small electrical signal to charge the capacitor, where this
small change in the voltage of capacitor was captured and processed by
the central controller to generate a pulse signal. With a Bluetooth
module integrated to the controller and connected to a mobile software,
the stimuli signal was recorded and displayed on a remote device. As
Video S3 shows, the operation of the pedometer by tapping the TENG
device shows good sensitivity towards the frequency and the force of
mechanical motion, demonstrating its excellent potential for self-
powered sensors.

Finally, a Morse code generator was developed by leveraging the
Z72-TENG. By matching the contact and separation motions of TENG
device with “dots” and “dashes” signals in Morse coding, the electrical
signal output can be used to represent different letters. Fig. 5¢ shows the
original Morse signal created by Z72-TENG for short messages, with the
output message decoded by the Python program. Our result confirms
that the Morse code generated is easily recognizable by the computer
program. The encoding and decoding of Morse code is also simple and
timely to operate, showing an excellent potential of being used as a self-
powered transmitter for sending emergency messages at remote places

without any access to a power source. The operating principle of this
application is explained further in Note S1.

4. Conclusions

In summary, this work demonstrated the effective incorporation of
topologically modulated ZIF fillers into PDMS polymer matrix to fabri-
cate mechanically durable TENG devices with outstanding power den-
sity. Owing to the high surface charge density, improved dielectric
constant and surface adhesion of ZIF-72, the charge generating and
charge trapping properties of its nanocomposites are both remarkably
improved. We showed for the first time a systematic comparison be-
tween the TENG output of a porous versus non-porous MOF constructed
from the same chemical building blocks, but with distinctively different
framework architecture. Importantly, the triboelectrification mecha-
nisms in ZIF/polymer composites are further investigated through
various nanoscale analytical techniques, namely nano-FTIR and TFM,
which have not been previously attempted. Among all fabricated MOF-
TENG devices, an optimum mass loading of 1 wt % ZIF-72 in PDMS was
found to generate the highest electrical output of 578 V and 19 pA, much
higher than the pristine PDMS film. An instantaneous power density of
~5Wm2 was also achieved under an external load of 20 MQ. To
illustrate the potential practical applications of the Z72-TENGs, capac-
itors with different capacitances, LED arrays, and commercial elec-
tronics were successfully powered. Lastly, a prototype for a Bluetooth-
integrated pedometer and a Morse code generator were constructed
which demonstrated a great potential for other innovative real-world
applications.
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Fig. 5. (a) Harvesting biomechanical energy by touching, tapping, and smashing a single-electrode mode Z72-TENG. (b) Schematic of a Z72-TENG based pedometer
with Bluetooth transmission; number of taps being detected remotely and displayed on the screen of a mobile phone. (c) International Morse code table for the
alphabet (left panel) and the electrical signal output of a 2.25 cm? Z72-TENG device encoding short messages by hand tapping, translated by a Python program using
the coding database. The long signal, represented by a "dash," corresponds to a prolonged contact, while the short signal, denoted as a "dot," is expressed a brief and
rapid contact. A video recording is given as Video S4; further details can be found in Note S1 within SI.
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Halogenated MOF Based
TENGs for Improved Charge
Generation Properties

5.1 Background and motivation

Improving the triboelectric output of MOF-based TENG devices has always
been the most urgent and challenging objective for industrial applications. In
Chapter 3, we utilised a different synthetic approach to yield MOFs with distinct
topological structures. However, there are many other factors that determine the
overall physicochemical properties of MOF and thereby its performance within a
triboelectric nanogenerator device. Previous research has been focusing on
modifying the two constitutional parts of MOF, namely the metal ion centre and

ligand, for property regulation of MOF-based TENG applications.

The effect of metal centre of MOF on TENG has been evaluated in a few
studies. Chen et al. examined the triboelectric output performance of ZUT-75

composed of different metal centres, including Co, Zn, Cu, and Mn. The ZUT-75

85
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(Mn) was first synthesised, and the rest were prepared by central-metal-ion
exchange reactions to yield isomorphic frameworks. By evaluating the triboelectric
output performance of prepared TENG devices, ZUT-75 with Co centre
demonstrated the highest power density of 3280.5 mW m™ due to the low ion
coupling. The reduced binding effect of metal ions to electrons leads to higher
electron mobility and enhanced triboelectric output [86]. Moreover, Shao et al.
switched the metal centre of ZUT-9 with different metal ion centres, including Zn,
Ni, and Co, to improve the triboelectric output signal. By changing the type of metal
centre to Co, the electron delocalisation effect was enhanced; therefore, the

magnetism behaviour and triboelectric property can be regulated [168].
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Figure 5.1. (a) Output voltage, (b) output current, and (c) charge transfer signals of
the UiO-66-X TENG as a function of time. (d) The output current, voltage, and
transfer charge of TENG as a function of functional groups. Reproduced with
permission from ref [169]. Copyright 2022 Springer Nature.
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Changing the ligand of MOF is considered another effective approach to
controlling the output of triboelectric nanogenerators. In 2022, Wen ef al. prepared
Ui0O-66 thin films with different functional groups on ligands and deposited them
on tin oxide electrode to act as a tribo-negative layer [169]. The triboelectric output
performance of the UiO-66-X (X = H, NH», NO>, Br) films are ranked in the order
of NO>>Br>H>NH, as shown in Figure 5.1. The reason behind the
improvement is explained by the highly electron-withdrawing nature of NO2 group.
Through DFT simulation, it has been confirmed that the LUMO energy has
decreased the most by NO> group, thereby promoting electron transfer from the
contacting metal to MOF. As a result, the functional group of MOFs may play a

vital role in tuning its triboelectric behaviour.

In addition, More et al. explored the isoreticular subfamily of the UiO-66(Zr)
MOFs by incorporating -H and -Br functional groups within the MOF structure
[170]. The prepared MOFs were embedded within a PVDF matrix to amplify the
electrical output of TENG devices, as illustrated in Figure 5.2. During triboelectric
performance testing, a peak-to-peak voltage of 110.4 V was achieved with UiO-66-
Br/PVDF composite film, demonstrating a 14-fold increase compared to the pristine
PVDF film. This significant improvement was attributed to the high electron
density provided by the Br atoms, which facilitated charge transfer by creating
electron-rich regions within the MOF framework. Moreover, functionalisation of
the linker significantly improved the surface potential of the MOF/polymer
composite while also increasing surface roughness, further enhancing charge

generation due to the alteration of the surface mechanical behaviour. In line with
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our previous study described in Chapter 3, which employed a chlorinated ligand
(dcIm), this earlier research also suggested that halogenated ligands can be the key

to improving the triboelectric performance in MOFs.

Ui0-66 UiO-66-Br
b *.'(;‘vj,\.xlv’\wx:;«n Drop casting “"“J
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MOF-TENG device photograph Fabricated MOF-TENG device Device arrangement of both electrodes

Figure 5.2. (a) Schematic illustration of the synthesis of compounds 1 (UiO-66)
and 2 (UiO-66-Br) by ligand functionalisation. (b) Stepwise fabrication procedure
adopted for UiO-66/PVDF and UiO-66-Br/PVDF composite-based mechanical
energy harvesting devices. Reproduced with permission from ref [170]. Copyright
2022 John Wiley and Sons.

Despite several research papers having explored the functionalisation of
MOFs in TENG applications, they have primarily focused on the UiO-66 system as
the base material. This narrow focus means that the broader applicability of the
functionalisation approach across different families of MOF structures has
remained largely unexplored. To bridge this knowledge gap, this chapter explores

further the functionalisation approach on a different MOF system, namely ZIF-8,
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which has distinctive chemical, topological, and structural properties compared
with UiO-66. ZIF-8 is known for its ease of synthesis, good mechanical and
chemical stability, and great versatility. With these great advantages, ZIF-8 can be
functionalised with various halogenated groups to modify its electrical properties
[171-173]. Although a few papers have reported improved triboelectric
performance using ZIF-8 as either tribo-positive or tribo-negative material
[100,111,174], the performance of the assembled ZIF-8 based TENG devices is not
exceptionally high compared with other MOF-based TENGs, and its potential as
triboelectric material has not been fully explored. The work described in Chapter 5
thus aims to address how other halogenated groups, particularly -Br and -Cl, affect

the triboelectric output of ZIF-8.

5.2 Summary of Paper II

5.2.1 Halogenation of ZIF-8

In Paper 11, isostructural ZIF-8-X (X = CH3, Br, Cl) with different functional
groups have been synthesised through the solvothermal approach (see Section
3.3.1.2). Three ligands were used, namely 2-methylimidazole, 2-bromo-1H-
imidazole, and 2-chloro-1H-imidazole, with their only structural difference at the
2-position of the imidazolate ring to prepare the ZIF-8-CHs, ZIF-8-Br, and ZIF-8-
Cl, respectively. The linkers were selected based on their relative electronegativity.
Specifically, the electrostatic potential (ESP) of the ligands of ZIF-8-X was
simulated by DFT calculations to predict the relative electron distribution, as shown

in Figure 5.3. As the functional group of ligand changes from -CH3 to -Br and -Cl,
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the polarity of the molecule increases due to the more asymmetrical distribution of
electrons. The stronger electron-withdrawing effect of halogen atoms has led to a
stronger negative potential shown at the location of the functional group, as denoted
in Figure 5.3. However, the simulation of the ligand molecule does not represent
the actual electron distribution of the periodic framework structure being
synthesised. While the organic ligand interacts with the metal ion centre through
coordination bonds within the framework, the hydrogen atom bonded to oxygen
undergoes deprotonation, leaving the lone pair of electrons on the oxygen atom
coordinated to the metal centre. As a result, the overall electrostatic potential
distribution will be different within the extended framework. However, it is still
evident that the introduction of halogenated functional groups into the ligand
structure enhances the overall polarity of the ligand molecules, which can influence
the electronic environment within the framework.

a) b) c)
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Figure 5.3. Electrostatic potential maps of (a) 2-methylimidazole, (b) 2-bromo-1H-
imidazole, and (c) 2-chloro-1H-imidazole calculated by the DFT code Gaussian
09W (unit = kcal/mol).
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Figure 5.4. EDS elemental mapping analysis and FESEM image of (a) ZIF-8-CH3,
(b) ZIF-8-Br, and (c) ZIF-8-Cl crystals.
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Figure 5.5. ATR-FTIR spectra of ZIF-8-X particles after an extended exposure to
ambient conditions for 180 days, and after being immersed in methanol or acetone
solvents for 3 days.

Figure 5.4 shows the FESEM images of the synthesised ZIF-8-X materials.
The crystalline particles are around 5 pm in size, with energy-dispersive X-ray
spectroscopy (EDS) analysis showing the successful incorporation of halogenated
linkers within the framework structure. Based on the XRD and FTIR results, we
determined that the ZIF-8-Xs demonstrate similar crystalline structures and
chemical compositions. In addition, the prepared ZIF-8-X samples show good
structural stability within different organic solvents, despite ZIF-8-Br showing
some degradation in crystallinity after being immersed in acetone solution, as
shown by IR bands broadening in Figure 5.5. Compared with ZIF-8-Cl, ZIF-8-Br
is less stable in polar aprotic solvents such as acetone due to the higher steric strain

attributed to the larger size of Br atom. Moreover, the electronegativity of Br is
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weaker than Cl, resulting in a weaker chemical bond with the ZIF framework,

making the structure less stable.

Subsequently, the ZIF-8-Xs were blended with PVDF solutions for
electrospinning (see Section 3.3.2.1). These filler particles are uniformly attached
to the PVDF fibres, thus increasing the surface roughness and effective contact area
when the porous fibre mat is compressed. The electrospinning technique is useful
for increasing the internal surface area of material to achieve a larger effective
contact area. Moreover, more filler materials can be embedded into a fibre
morphology without the formation of obvious aggregation, thereby leveraging more
advantages of filler material. The nano-FTIR spectra shown in Figure 5.6 and
Figure 5.7 demonstrated examples of the incorporation of ZIF-8-CHj3 and ZIF-8-Br
on a single PVDF fibre. Based on AFM topography image, it can be seen that the
incorporated particles are larger than the thickness of the fibre, therefore increasing
the overall surface area of the fibre. While scanning along the composite fibre, it is
observed that the characteristic peaks of the ZIF-8-X fillers gradually evolve
towards the centre of the scan, creating a variation of chemical bonds. We propose
that these chemical variations alter the work function on the fibre surface, and
present as charge traps while contacting with materials of different triboelectric
properties. In contrast to a homogeneous PVDF fibre, the introduction of fillers
creates more opportunities for material contact to occur between different materials,
hence conferring a higher difference in relative work function and larger amount of

charge transfer.
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Figure 5.6. (a) Nearfield infrared O2A signal and AFM height topography of the
as-synthesised ZIF-8-CH3/PVDF composite fibre. (b) Contour plot and line-scan
nano-FTIR spectra of ZIF-8-CH3/PVDF composite measured point-by-point along
the fibre. The green box highlights the characteristic peaks of the PVDF matrix, and
the red box denotes the peaks for the embedded ZIF-8-CHj3 particles. The FTIR
peaks for the filler at 1000 cm™ and 1150 cm™ evolve as the scan progresses toward
the centre of the AFM scan. (¢) ATR-FTIR spectrum of ZIF-8-CH3 particles. (d)
Nano-FTIR spectra of points 1, 12, and 20 along the line-scan. The peaks for ZIF-
8-CHs at 999 cm™', 1149 cm™ and 1312 cm! are distinctly observed at position 12
but not evident on the smoother part of the fibre.
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Figure 5.7. (a) AFM topography of the as-synthesised ZIF-8-Br/PVDF composite
fibre. (b) Nano-FTIR spectra of points 1,9, and 20 along the line-scan. The peaks
for ZIF-8-Br at 960 cm™, 1139 cm, 1318 cm’!, and 1447 cm™ are distinctly
observable at point 9. (c) Contour plot and line-scan nano-FTIR spectrum of ZIF-
8-Br/PVDF composite along the fibre. The red box highlights the characteristic
peaks of the embedded ZIF-8-Br particles as the scan progresses towards the centre
of the AFM scan.

5.2.2 Comparison of triboelectric output

The performance of ZIF-8-X/PVDF fibres was characterised through
periodic contact-separation tests employing the assembled TENG devices. Two
batches of devices were fabricated and tested on separate dates, exhibiting
consistent performance due to the stable device architecture with sponge and
substrate encapsulation. All electrical output, including voltage, current, and charge,
shows an identical trend, with all composite fibres showing improved performance
compared to the neat polymer. Notably, the ZIF-8-CI/PVDF device exhibits the
highest output 0of 312.4 £2.0V, as shown in Figure 5.8d. While comparing the peak-

to-peak voltage output, ZIF-8-CI/PVDF demonstrates the highest value of 448 V,

95



5. Halogenated MOF Based TENGs s for Improved Charge Generation Properties

which is three times higher than that of the pristine PVDF fibre, as summarised in

Figure 5.9.
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Figure 5.8. The voltage output over 100 contact-separation cycles generated by (a)
PVDF-based TENG (control), (b) ZIF-8-CH3/PVDF-based TENG, (c) ZIF-8-
Br/PVDF-based TENG, and (d) ZIF-8-Cl/PVDF-based TENG.

The practical use of the prepared composite fibre-based TENGs is further
explored by testing under various resistance loads. By measuring the voltage across
different resistances, the power output can be calculated and compared across the
ZIF-8-X/PVDF devices. The internal resistance of each device was obtained from
the load resistance at the highest power density, as given by V*/R. All devices show
similar internal resistance in the range of 10 MQ, as shown in Figure 5.10. For
practical applications, higher internal resistance is normally suitable for high-
voltage applications to prevent energy loss. However, due to the low current output

in high impedance TENG devices, the power delivery efficiency will be low, and
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applications in current-intensive scenarios will be limited. Therefore, the design of

power efficient electrical circuit is essential for future research [175,176].
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Figure 5.9. The average peak-to-peak voltage output generated by the ZIF-8-
X/PVDF-based TENG. The mean and standard deviation values were determined
from a total of 100 contact-separation cycles.

Another set of ZIF-8-CI/PVDF composites was prepared by doctor blade
technique instead of electrospinning, as shown in Paper II (Figure 6). Based on the
surface potential analysis of the composite surfaces via KPFM (Figure 5.11), it was
identified that the incorporation of the ZIF-8-X fillers had resulted in a more
negative potential, visualised as dark regions in the map. In accordance with the
trend determined from the relative electronegativity of ligand functional groups (-
Cl > -Br > -CH3), the ZIF-8-CI/PVDF demonstrates the most negative potential,
followed by ZIF-8-Br and ZIF-8-CH3. The surface potential measured by KPFM

was correlated to the work function of the sample (see Figure 5 in Paper II),
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whereby the surface potential map reveals a difference in the work function and
ability to donate or withdraw electrons during contact. We reasoned that the
difference in work function creates local heterogeneities to facilitate localised
electron transfer, hence enhancing the charge storage on the material surface and

promoting triboelectric performance.
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Figure 5.10. Peak voltage and power density as a function of load resistance for (a)
PVDF-based TENG, (b) ZIF-8-CH3/PVDF-based TENG, (c) ZIF-8-Br/PVDF-
based TENG, and (d) ZIF-8-CI/PVDF-based TENG, with the highest power density
labelled.
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Figure 5.11. Surface potential of (a) ZIF-8-CH3/PVDF, (b) ZIF-8-Br/PVDF, and
(c) ZIF-8-CI/PVDF measured by Kelvin Probe Force Microscopy (KPFM), with
average surface potential denoted at the top left corner.
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5.3 Paper II: Triboelectric Nanogenerators Based on Composites of
Zeolitic Imidazolate Frameworks Functionalised with Halogenated
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ABSTRACT: Triboelectric nanogenerator (TENG) based on the coupling effect of triboelectrification and electrostatic induction
can convert mechanical motions into electric energy. Recent studies have found that metal—organic framework materials are
promising triboelectric materials due to their large surface area and excellent tunability. In this study, we incorporated isostructural
zeolitic imidazolate frameworks, ZIF-8-X (X = CH,, Br, Cl), into poly(vinylidene fluoride) (PVDF) electrospun fibers and
assembled them in TENG devices to investigate the underlying relationship between functional group electronegativity (via varied
imidazolate linkers) and triboelectric output performance. Results show that ZIF-8-Cl/PVDF composite fiber demonstrated the
highest average voltage and current output of 312.4 + 2.0 V and 4.90 = 0.07 A, respectively, which are 3.8 and S.5 times higher
than that of the pristine PVDF. The practicality of ZIF-8-X-based TENG was tested for harvesting energy from oscillatory motions
to power up LEDs and capacitors. A freestanding mode TENG based on ZIF-8-ClI was also designed to harvest rotational energy
without physical contact for wider applications. The working mechanism of ZIF-8-X-based TENG was also revealed through
nanoscale-resolved chemical studies, providing valuable insights into the design of MOF materials for improved performance of
TENGs.

KEYWORDS: triboelectric nanogenerators, metal—organic frameworks, composite material, functionalization, electrospinning

1. INTRODUCTION shown significantly improved TENG performance by enhancing
In the era of the Internet of Things (IoT), there has been an charge generation capabilities and retaining device stabizl&g};

. . " . . 2
increasing demand for small-scale, mobile sensors. By 2030, across diverse environmental conditions and applications.

more than 100 billion sensors are projected to be connected to In2019, Wen et al. introduced a copper-based MOF, HKUST-1,
the IoT with the electronics industry expected to grow into a to improve the humidity resistance of the fabricated TENG
USD 301 billion market in 2028."* However, the energy supply devices due to the absorption of water molecules by HKUST-1
for this enormous number of sensors could be a big challenge. filler and subsequently higher dielectric constant.”® Following
Current technologies for energy transfer and storage will this, a fluorinated MOF was prepared by Guo et al. as a
inevitably raise serious environmental concerns and main- bifunctional filler to enhance the triboelectric performance of

tenance difficulties.>* Therefore, triboelectric nanogenerator

the device.”’ Despite these promising advancements, a deeper
(TENG), an evolving energy harvesting technology, has drawn

. i ttention hers for it o tine abili understanding of the basic mechanisms and design principles of
remendousa entu?n rom r.esear.c ers tort ,SOUtS anding ability MOE-TENG systems is crucial for further development of this
to convert mechanical motions into electrical energy under a

28
variety of scenarios.” " field.
Metal—organic framework (MOF), a class of porous materials
that are fabricated by the coordination bond between organic Received: November 30, 2024
ligands and inorganic metal ions, has diverse applications in gas Revised:  February 3, 2025
absorption,'” drug delivery,'* catalysis,'” and sensing.'’ Accepted:  February 8, 2025
Recently, various studies have explored the potential of using Published: February 18, 2025
MOF for triboelectric nanogenerators.'’~>* Attributed to their
highly tunable structure and functional properties, MOFs have
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Recent studies have explored several strategies to enhance the
triboelectric output of MOF-based TENGs, with three primary
approaches being investigated: by modifying the framework
topology,” exchanging the metal ion center,”” and functionaliz-
ing the organic ligand.”’ > Among these strategies, ligand
functionalization has emerged as a relatively simple and highly
effective method. In 2022, Wen et al. modulated UiO-66 by
introducing various functional groups onto the ligands and
deposited them onto tin oxide electrodes. The triboelectric
output performance of the UiO-66-X (X = H, NH,, NO,, Br)
films are ranked in the order of NO, > Br > H > NH,, which
correlates to the electron-withdrawing nature of the functional
group.” In addition, Wang et al. reported a high-performance
TENG device based on UiO-66-4F, where the enhanced charge
generation property was attributed to the strong electron-
withdrawing effect of the fluorinated group.”’ While several
studies have been conducted on the ligand functionalization
approach, most of them have primarily focused on the UiO-66
system, which means that the universal applicability of this
approach across different MOF structures remains unexplored.
Given the critical role of functional groups in contact
electrification,* it is essential to develop a clearer understanding
of the relationship between the end-group electronegativity and
triboelectric output. In this research, we henceforth investigated
the broader applicability of the functionalization approach by
focusing on a well-studied zeolitic imidazolate framework (ZIF),
ZIF-8. Recently, ZIF-8 has been characterized as a tribo-positive
material with promising applications in energy harvesting.”>~*’
For example, Khandelwal et al. developed the first ZIF-8-based
TENG device in 2019, demonstrating a sustainable triboelectric
output of 164 V and 7 yA when contacting against Kapton.
Moreover, Ma et al. prepared a TENG based on ZIF-8@ZnO as
a self-powered methanol sensor. When paired with a tribo-
negative PVDF film, the prepared TENG yields a triboelectric
output of 58 V and 10 uA, representing 2.4 and 3.3 times
enhancement compared to the ZnO-based TENGs, respec-
tively. Despite extensive research on ZIF-8-based TENGs, their
triboelectric output remains relatively low compared to other
MOF-based devices,”* and its potential of being a tribo-negative
material has yet to be demonstrated.

In this study, we report a general strategy for tailoring and
boosting the triboelectric effect of ZIF-8-based TENGs through
the ligand functionalization approach. Conventional ZIF-8
(herein designated as ZIF-8-CH;) has been functionalized
with various halogenated groups, including bromine and
chlorine groups to yield the ZIF-8-Br and ZIF-8-ClI structures
with similar morphology and crystallinity as tribo-negative
materials. By incorporating these filler materials into PVDF
electrospun fiber, we successfully prepared high-performance
nanogenerators with the average electric output 0of 312.4 +2.0V
and 4.90 + 0.07 pA over 100 cycles achieved by ZIF-8-Cl-based
TENG due to the strong electron-withdrawing ability of the
chlorinated group. The triboelectric performance of prepared
devices shows a consistent trend with the electronegativity of the
functional groups, supported by nanoscale-resolved Kelvin
probe force microscopy (KPFM) and nanoscale Fourier
transform infrared spectroscopy (nano-FTIR) studies. The
ZIF-8-Cl-based TENG shows high durability over 40,000 cycles
and demonstrates excellent practicability for real-world
applications. The high-performance ZIF-8-Cl was further
doped into PVDF membranes to build a freestanding mode
TENG which further expands the applications of the MOF-
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based TENG, allowing energy harvesting of rotational energy
without physical contact.

2. METHODOLOGY

2.1. Materials. All chemicals used in this study are
commercially available. Zinc nitrate hexahydrate (Zn(NO;),:
6H,0), 2-methylimidazole (2-mIm), dimethylformamide
(DMF), ethanol, and methanol were purchased from Sigma-
Aldrich. 2-Bromo-1H-imidazole (2-Br-Im) and 2-chloro-1H-
imidazole (2-Cl-Im) were purchased from Doug Discovery.
HSV900 poly(vinylidene fluoride) (PVDF) was obtained from
Arkema.

2.2. Synthesis of ZIF-8 and Its Halogenated Deriva-
tives. The synthesis of the ZIF-8-X particles is adapted and
modified based on previous reports.*"**

(1) For the synthesis of the ZIF-8, herein termed ZIF-8-CH,,
350 mg of Zn(NO;),-6H,0 (1.2 mmol) was first
dissolved in 15 mL of DMF. After sonication for S min,
200 mg of 2-methylimidazole (2.5 mmol) was added to
the solution and stirred for another S min for complete
dissolution. Afterward, the solution was transferred to a
20 mL PTFE-lined stainless-steel autoclave and heated at
100 °C for 72 h. After cooling to room temperature, the
resulting white suspension was centrifuged and washed
three times with methanol to remove excessive linker and
solvent. 70 mg of white ZIF-8-CH; powder was harvested
and activated at 70 °C.

For the synthesis of ZIF-8-Br, 121 mg of Zn(NO;),-6H,0
(0.4 mmol) and 2-bromo-1H-imidazole (120 mg, 0.8
mmol) were dissolved in 4 mL of ethanol.”> Then, the
solution was transferred to a 20 mL PTFE-lined stainless-
steel autoclave and heated at 100 °C for 72 h. Then, the
same reaction protocol and washing process were
followed to yield 60 mg of a yellowish powder.

()

(3) A similar procedure was followed to prepare ZIF-8-Cl.
121 mg of Zn(NOs;),:6H,0 (0.4 mmol) and 2-chloro-
1H-imidazole (120 mg, 0.8 mmol) were dissolved in 4 mL
ethanol by stirring for 10 min. The synthesis and washing
procedures were the same as previously followed by ZIF-
8-Br. 50 mg of yellowish powder was obtained after
drying.

2.3. Fabrication of MOF/PVDF Composites. The MOF/
PVDF composites were prepared by an electrospinning
technique. The PVDF solution used for electrospinning was
prepared by dissolving 13.7 wt % of HSV900 PVDF powder in
DMF to form a polymer solution. The prepared ZIF-8-X (X =
—CH,;, —Cl, —Br) were then combined with the PVDF solution
via mechanical mixing to yield a mass ratio of 1:19 between ZIF-
8-X and HSV900 PVDF powder. The homogenized solutions
were stored in a glass syringe and gradually released by a syringe
pump at a rate of 0.15 mL/h through a nozzle (conductive blunt
tip). During operation, the blunt tip was electrified at a voltage of
15 kV by a high-voltage generator, with an aluminum foil placed
16 cm underneath the nozzle, acting as the negative charge
collector. These parameters were optimized based on our
previous studies to achieve a stable Taylor cone at the
electrospinning nozzle.***> After 1 h of electrospinning, the
electrospun fibers forming a porous membrane were then peeled
off and dried to obtain approximately a nominal thickness of 120
+ 8 ym. The nanofibers produced by the high voltage formed
uniform composite fibers without obvious MOF aggregation.
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Figure 1. (a) Schematics illustrating the synthesis routes of ZIF-8-X and its halogenated derivatives, where X = —CHj, —Cl, —Br. (b) SEM micrograph
of synthesized ZIF-8-Cl comprising micrometer-sized single crystals. (c) SEM micrograph of ZIF-8-Cl/PVDF fibers fabricated by electrospinning.
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Figure 2. (a) XRD patterns of ZIF-8-X, where X = —CH3, —Cl, and —Br. (b) ATR-FTIR and (c) synchrotron far-IR spectra of ZIF-8-X nanoparticles.
(d) Raman spectra of as-synthesized ZIF-8-X. (e) FTIR spectra of ZIF-8-X/PVDF composites, simplified as Z8-X/PVDF for all figures thereafter. (f)
Superimposed FTIR spectra of ZIF-8-X/PVDF composites between 1100 and 1200 cm ™. (g) AFM topography of ZIF-8-Cl composite fiber (top) and
its corresponding near-field IR absorption image (bottom). (h) Nano-FTIR spectra correspond to the red and blue points marked on the AFM image.

(i) XRD patterns of the ZIF-8-X/PVDF composite fibers.

The fibers are subsequently cut into dimensions of 2 cm X 2 cm center of PET substrates with dimensions of 3 cm X 3 cm. Then,
for the fabrication of TENG devices. the electrospun membrane comprising MOF/PVDF composite

2.4. Testing of Contact-Separation Mode TENG. fibers was sandwiched between a pair of Aluminum foils. Four

Aluminum foils of 2 cm X 2 cm in size were attached to the TENG devices were prepared by PVDF, ZIF-8-CH;/PVDEF,
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ZIF-8-Br/PVDF, and ZIF-8-Cl/PVDF. For a standard test, a
prepared TENG device was vertically attached to the sample
holder connected to a load cell (RS PRO). A permanent magnet
shaker (Briiel & Kjer LDS V201) powered by a voltage-
amplified arbitrary function generator (GW Instek AFG-2105)
was operated on the other side of the TENG device to generate
the contact-separation motion. To examine the triboelectric
response of the prepared TENG under varying humidities, the
setup was encapsulated in an enclosed glovebag. Humidified air
was first introduced through a bubbler filled with water to
increase the relative humidity (RH) up to 60%, ensuring no
potential damage on the equipment. Subsequently, pure dry
nitrogen gas was purged into the glovebag to gradually reduce
the RH down to 10% while recording the triboelectric output of
the TENG devices under contact-separation mode.

2.5. Testing of Freestanding Mode TENG. MOF/PVDF
composites comprising ZIF-8-Cl for the freestanding mode
TENG were prepared by the doctor blade coating method. The
ZIF/polymer solution mixture was dripped onto a glass
substrate, which had a sharp doctor blade at a fixed distance
above the surface. The blade is then moved in line with the
surface to obtain a film with a uniform thickness of 100 gm. The
freestanding mode was designed to study the energy harvesting
ability of TENG devices under rotational motions. The setup
comprises a stator and a rotor. The rotor was a 3D-printed fan
blade-shaped substrate coated with the ZIF-8-Cl/PVDF
membrane. A motor was connected to the substrate to generate
and control the rotational motion of the rotor. The stator was
designed with noncontacting inner and outer electrodes which
allows the periodic displacement of active material along the two
electrodes while it rotates. The rotational speed of the sample
was measured with a tachometer (RS AT-8).

2.6. Characterization. A field-emission scanning electron
microscope (FESEM LYRA3 GM TESCAN) was used to
examine the surface morphologies of the prepared MOF and the
MOF/PVDF composite materials. Energy-dispersive X-ray
spectroscopy (EDS) was conducted on a microscope to evaluate
the element composition of prepared samples. X-ray diffraction
(XRD) was performed on a Rigaku MiniFlex with a Cu Ka
source (1.541 A) to determine the crystallinity of the samples.
Atomic force microscopy (AFM) height topography and nano-
FTIR spectra of ZIF-8-X and composite fibers were charac-
terized by a scattering-type scanning near-field optical micro-
scope (Neaspec s-SNOM). Fourier transform infrared (FTIR)
spectroscopy was performed with a Nicolet iS10 FTIR
spectrometer equipped with an attenuated total reflectance
(ATR) module. The far-IR spectrum was recorded at the
multimode IR imaging and microspectroscopy (MIRIAM)
Beamline B22 at the Diamond Light Source synchrotron. A
Bruker Vertex 80v FTIR spectrometer equipped with an ATR
accessory (Bruker Optics) was used to perform the measure-
ment. The surface potential image was obtained in Kelvin probe
force microscopy (KPFM) mode by using an Asylum Research
Cypher AFM. The confocal Raman spectra were obtained by an
Oxford Instruments WITec Raman microscope. The electrical
outputs, including voltage and current, were measured by a
digital oscilloscope (PicoScope 5444B) with a 100 MQ high-
voltage probe (Rigol RP1300H) and an electrometer (Keithley
6514).

3. RESULTS AND DISCUSSION

A group of functionalized ZIF-8-X materials was synthesized by
a solvothermal method under the same reaction time and
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temperature but with different functional groups, namely, 2-
mlIm, 2-Br-Im, and 2-Cl-Im, as illustrated in Figure 1a. Figure 1b
shows a representative SEM image of ZIF-8-Cl crystals, which
displays an average particle size of ca. 2.1 + 0.5 ym, with a similar
morphology to those of other ZIF-8-X materials. The EDS
elemental mapping analysis and additional SEM images for ZIF-
8-CH,, ZIF-8-Br, and ZIF-8-Cl (Figures S1—S3, respectively)
confirm the successful incorporation of halogenated groups. For
TENG device fabrication and triboelectric performance testing,
the prepared materials were then embedded into PVDF fiber by
electrospinning, with the SEM image shown in Figure 1c. The
photographic images of synthesized ZIF-8-X particles and the
corresponding composites are shown in Figure S4.

3.1. Material Characterization of ZIF-8-X. Figure 2a
shows the XRD patterns of the synthesized ZIF-8-X samples,
confirming their good crystallinity. All synthesized MOF crystals
exhibit the (110), (200), and (211) facets, which indicate the
formation of the sodalite (SOD) topology consistent with the
simulated results, as shown in Figure SS. It was observed that the
diffraction peaks of the (110) facet for ZIF-8-CH,, ZIF-8-Cl,
and ZIF-8-Br are detected at 26 of 7.54, 7.29, and 7.17°,
respectively. This shift to the smaller diffraction angle means a
larger porosity and lattice cell volume of the framework is
formed due to the expansion of the unit cell structure by the
bulkier end groups of the constituting ligand.*>*” Moreover, the
XRD patterns of ZIF-8-X differ by the relative intensities at
(110), (200), and (211) facets, as shown in Figure SS, which is
due to the change in preferred orientation induced by the linker
substitution.”® The synthesized ZIF-8-Xs also show good
structural stability under ambient conditions and immersion in
organic solvents, as illustrated in Figure S6.

In Figure 2b, the ATR-FTIR spectra of ZIF-8-X are similar
despite some red shifts of vibrational modes as the linker gets
bulkier and with weaker interactions.*” The shifts of peaks were
observed at around 1140, 750, and 680 cm ™, where these IR
bands are attributed to the imidazole ring vibrations due to
different interactions between the end group and the imidazole
ring. As the functional group of the framework gets heavier from
CHj; to Cl and subsequently to Br, the vibrational frequency
decreases and thus lowers the wavenumbers. The far-IR spectra
shown in Figure 2c reveal the metal—ligand interactions in the
terahertz region below ~20 THz. Similar to ATR-FTIR, it can be
seen that the collective mode attributed to the 12 THz peak
(~400 cm™") systematically shifts toward a smaller wavenumber
due to the larger framework. Figure 2d shows the Raman spectra
of the ZIF-8-X particles. The spectrum for ZIF-8-CH; matches
well with previous reports,””*" and the spectra for ZIF-8-X are
similar in the range of 800—1800 cm™" region, though a minor
difference was detected due to the halogenation of the MOF. For
ZIF-8-CHj, the characteristic peak at 686 and 1462 cm™" was
observed for C—H bond stretching and in-plane bending modes,
respectively. For ZIF-8-Br, C—Br stretching occurs at 390 cm ™/,
and C—Cl stretching in ZIF-8-Cl takes place at 503 cm™". The
chemical bond vibrations of synthesized ZIF-8-X were also
characterized by the near-field nano-FTIR technique, as shown
in Figure S7. The height topography images of ZIF-8-X
demonstrate the particle morphologies and nano-FTIR was
taken on the MOF crystals with a 20 nm spatial resolution.>”
The nano-FTIR spectra show broader peaks compared with
ATR-FTIR due to the local measurements performed on
isolated single-crystal MOFs, though the same redshift pattern is
observed at ~1150 cm™ for the imidazolate ring stretching due
to the bulkier functional group.
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Figure 3. (a) Exploded view illustrating the stacked assembly of the prepared ZIF-8-X/PVDF TENG devices. (b) Open-circuit voltage output of the
TENG devices. (c) Closed-circuit current output of the TENG devices. (d) Long-term durability of ZIF-8-Cl/PVDF-based TENG over a continuous
running test of 40,000 contact-separation cycles. (e) Voltage output of ZIF-8-Cl/PVDF-based TENG under varying frequencies. (f) Relationship
between the force experienced by the TENG device in a contact-separation cycle and the corresponding output current over the same time scale. (g)

Voltage output of ZIF-8-X/PVDF-based TENGs under varying forces.

3.2. Material Characterization of ZIF-8-X/PVDF Com-
posites. The synthesized ZIF-8-X are then incorporated into
PVDF fiber by electrospinning technique as described in Section
2.3 with a schematic shown in Figure S8. The fiber form PVDF is
preferred for the triboelectric nanogenerator application over
the casted type PVDF due to a higher effective surface area
between the fiber layers. Moreover, higher loading of MOF
fillers can be embedded into the fiber without the formation of
obvious aggregates due to the larger active surface area. The
surface roughness of fiber also provides a higher contact area
during the contact-separation process for triboelectric energy
generation.”® The ATR-FTIR spectra of the prepared composite
show the evolution of peaks from ZIF-8-X at ~1140 cm™} as
displayed in Figure 2e,f, demonstrating the successful incorpo-
ration of ZIF crystals as a filler into the electrospun fiber matrix.
The prepared composite fibers were further characterized by the
nano-FTIR technique. The AFM topography of a ZIF-8-Cl
embedded fiber in Figure 2g shows the successful incorporation
of MOF. As denoted in Figure 2h, the nano-FTIR spectrum on
the filler (blue) shows characteristic peaks at 1142 and 1342
cm™ in addition to the neat PVDF matrix (red), which
corresponds to the imidazolate ring stretching and aromatic C—
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N stretching in ZIF-8-CL>* The nano-FTIR characterizations
for ZIF-8-CH;/PVDF and ZIF-8-Br/PVDEF fibers are also
shown and explained in Figures S9 and S10, respectively. The
XRD pattern of the composite fiber shown in Figure 2i indicates
the retained crystallinity of ZIF-8-X, showing minimal chemical
interactions during the composite fabrication process. The
dielectric properties of the prepared composite fibers were
measured, and the results are shown in Figure S11. The
dielectric constant of the fibers incorporating different MOF
fillers exhibits only slight variations in the lower-frequency
regime tested, which can be attributed to the low filler
concentration and the high porosity inherent to the fibrous
material. Although the dielectric constant is considered a crucial
factor influencing triboelectric output, its impact has been
controlled to isolate the effects of ligand modifications of MOF,
ensuring the observed difference in triboelectric performance
can be primarily attributed to the ligand modification.

3.3. Electrical Performance. The prepared ZIF-8-X/PVDF
composite fibers were cut and assembled into contact-separation
type TENG devices for electrical performance testing. The fibers
were sandwiched between aluminum electrodes and PET
substrates, separated by sponge as spacer, as illustrated in
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Figure 3a. Photographs of the assembled device of the ZIF-8-X/
PVDEF-based TENG and the electrical performance testing rig
are shown in Figure S12. The proposed working principle of the
designed contact-separation type TENG for the ZIF-8-X-based
composite fiber is summarized in Figure S13. In short,
triboelectrification happens when ZIF-8-X/PVDF composite
fiber contacts the Al electrode, causing electron transfer at the
interface. During separation, electrostatic induction due to the
potential difference drives electrons back to their original state.
An AC output is generated through periodic contact and
separation processes.

The electrical outputs of fabricated ZIF-8-X/PVDF fibers
including open-circuit voltage and short-circuit current are
measured and presented in Figure 3b,c, respectively. With the
same MOF loading of S wt % into PVDEF, ZIF-8-Cl/PVDF
generates the highest average output of 312.4 +2.0 Vand 4.90 +
0.07 A calculated from 100 cycles, which is 3.8 and 5.5 times
higher than the neat PVDF fiber, followed by ZIF-8-Br and ZIF-
8-CHj;. For peak-to-peak voltage, each sample was tested for 100
cycles (as shown in Figure S14) and the average output and
standard deviation were calculated and are displayed in Figure
S15. The optimum loading of 5 wt % was selected based on the
measured voltage output at various mass ratios of MOF fillers in
the composites, as shown in Figure S16. This filler concentration
was also sgspgorted by previous studies on PVDF-based
composites,”” serving as a standard to evaluate the effect of
ligand modification under consistent parameters. Based on the
triboelectric output measurement of prepared ZIF-8-X/PVDF
fibers, there is an obvious trend that their performance is
markedly different according to the distinctive functional group
of ZIF-8-X. To evaluate the effect of those halogen groups, the
electrostatic potential maps of functionalized imidazole ligands
are simulated using the density functional theory (DFT) by
Gaussian 09W software,”” as displayed in Figure S17. Although
the ligands will behave differently within a framework structure,
as the nitrogen atoms are coordinated with the zinc ions, the
simulation could provide insight into the electron-donating or
-withdrawing effects of the functional groups. The methyl group
of the 2-mIm linker demonstrates the only positive electrostatic
potential on its surface, indicating its electron-donating nature,
while 2-Br-Im and 2-Cl-Im exhibit strong electron-withdrawing
effects due to the halogen substituents. As a result, the assembled
conventional ZIF-8-CH; with the methyl group linker has a
partial positive charge with low electronegativity, making it less
compatible with the high electron-withdrawing ability of PVDF
by the presented fluorine groups. As a result, ZIF-8 is normally
considered a tribo-positive material in recent studies.””** The
minor improvement in the electrical output of ZIF-8-CH,/
PVDEF is attributed to the improved surface roughness through
the introduction of MOF fillers. As the functional groups
become more electronegative from —CHj to —Br and to —Cl,
both voltage and current output become higher due to the
improved triboelectric charge generation property of the
resultant material. For each TENG device, the collected voltage
and current are relatively stable, with insignificant fluctuation of
output. The triboelectric output of the prepared ZIF-8-Cl/
PVDF fiber was evaluated against various materials, including
copper, PDMS, Kapton, and poly(tetrafluoroethylene) (PTFE),
with the corresponding voltage outputs presented in Figure S18.
In general, the triboelectric output against aluminum and copper
does not show significant differences due to the high electron-
donating properties and high conductivity of metals. In contrast,
as expected, the triboelectric output is lowered while pairing
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with other tribo-negative materials such as PDMS, Kapton, and
PTFE. This trend aligns with the triboelectric series where
materials with similar electron affinity exhibit lower charge
generation when paired together. These findings further confirm
the highly tribo-negative nature of the ZIF-8-Cl/PVDF
composite.

To test the extended stability of the prepared samples, the
same sample was tested under ambient temperature and
humidity conditions, each with a 12-h interval. The result also
shows good voltage output stability as shown in Figure S19.
Moreover, the long-term durability of ZIF-8-Cl/PVDF-based
TENG was also tested for over 40,000 cycles as demonstrated in
Figure 3d. The prepared device maintained an excellent output
voltage during long testing cycles, showing great potential for
real-world applications. The SEM images of the fibers obtained
before and after the durability test are demonstrated in Figure
$20, showing minor changes in surface morphology. The
sensitivity of prepared composites under various relative
humidity (RH) conditions was also tested, as shown in Figure
S21. The ZIF-8-Cl/PVDF composite fiber exhibited a relatively
stable triboelectric output under low-humidity conditions,
indicating its potential for applications in environments with
controlled moisture. However, as the humidity increases, a 26%
drop in the triboelectric output between 10% RH and 60% RH
was observed. This reduction can be attributed to the increase in
water adsorption onto the composite surface, which dissipates
charge and reduces triboelectric charge generation. However,
this 26% reduction of triboelectric output is not higher than that
of the pristine PVDF (28%), suggesting that the incorporation of
ZIF-8-Cl does not compromise the device performance under
humid conditions.

The frequency dependency of the prepared TENG devices is
also tested. From a testing frequency of 1—4 Hz, there is no
significant change in the output voltage as the frequency varies
for each type of TENG device, as shown in Figures 3e and S22.
This is due to the same force applied to the material, and the
same displacement has been achieved, such that each individual
impact can be considered as discrete, independent of frequency.
Small reductions of output voltage were observed at higher
frequencies, which we attribute to the insuflicient displacement
during contact and separation. Previous research studied the
relationship between the electrical output of TENG and
stabilized force instead of the instantaneous peak force. In this
case, we were able to measure the applied force and output
voltage transiently and simultaneously using an integrated force
sensor at one side of the TENG device during the contact-
separation cycle. Figure 3f shows the corresponding relationship
between current and force for the operation of a ZIF-8-Cl-based
TENG recorded on the same time scale. It has been found that
for all materials, each contact and separation process only
happens within 0.0S s. The positive and negative currents from
the current profile demonstrate the signal created during contact
and separation, respectively. It is worth noticing that the
appearance of current happens slightly before the force is
applied, which is at the point when two materials are still
approaching, and no physical contact has occurred yet. This
finding supported the transfer of electrons as the mechanism
during the contacting step. When the two triboelectric materials
are approaching, the contact electrification process happens.
However, the peak force and peak current occur at almost the
same instance which implies that the current output has a strong
correlation to the maximum force we applied. Once the applied
force is retracted, the negative current shows due to electrostatic
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Figure 4. (a) Voltage profiles measured over different capacitors charged by the 2 Hz operation of the ZIF-8-Cl/PVDF-based TENG. (b) Comparison
between charging speeds on a 0.1 uF capacitor by different ZIF-8-X-based TENGs. (c) Comparison between the peak power densities of prepared ZIF-

8-X/PVDEF TENG over a range of load resistances.

induction. The most negative current occurs slightly after the
force is completely unloaded, as the triboelectric layers are
recovered to their fully separated state. Similar results have been
found in the other ZIF-8-X-based TENG devices that we
studied, as shown in Figure S23. The relationship between the
maximum instantaneous force and output voltage was then
recorded by varying the voltage input to our electromagnetic
shaker. The result reveals a nonlinear correlation between force
and voltage, which can be characterized as an exponential
relationship in that the sensitivity of measurement varies
between the high- and low-pressure ranges. Figure 3g displays
the voltage—force relationships for each of the TENG devices
that we prepared under logarithmic fittings. The devices
demonstrate a clear and predictable trend between output
voltage and force, with R* values of over 0.98, suggesting their
potential use as highly sensitive pressure or force sensors. This
nonlinear relationship originates from the presence of surface
roughness on the surfaces of contacting materials.”® The real
contact area between two materials will increase monotonically
with the higher applied contact load due to more deformed
material surface, until reaching a saturation at full contact based
on Persson’s contact theory.”” As a result, the relationship
between load and real contact area leads to the nonlinear,
logarithmic load dependency observed in the triboelectric
output.

3.4. Applications. The alternating current produced by a
TENG is harvested and stored in capacitors through a full
rectifier circuit to convert it into direct current. Then, the
rectified current can be used to charge small commercial
electronics, such as calculators, LEDs, and capacitors. Here,
several capacitors with capacitances ranging from 0.1 to 10 uF
were charged by a steady 2 Hz oscillation motion on the ZIF-8-
Cl/PVDF-based TENG, as shown in Figure 4a. The capacitors
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can be easily charged up to a reasonably high voltage for
powering small electronics. The same experiment is done on
other prepared TENG devices, and the results are shown in
Figure S24. In addition, Figure 4b compares the capabilities of
different TENG devices for charging a 0.1 uF capacitor. It is
clear that the ZIF-8-Cl/PVDEF-based TENG has exceptionally
high charging ability compared with other materials, demon-
strating excellent potential for energy harvesting. By calculation
using the formula E = 1/ 2CV?, where E is the energy stored in a
capacitor, C is the capacitance, and V is the voltage, we found
that 22 times more energy is harvested in a 0.1 uF capacitor
within 50 s compared with the pristine PVDFE. The energy
harvested through triboelectric displacement can be rectified to
directly power LEDs.

The prepared TENG devices are then connected to an
external resistor to form a closed circuit. Here, the closed-circuit
voltage of each TENG is measured under different varying
resistances from 100 k€2 to 2 GS2. The power output P was
calculated using the equation P = V?/R, where V is the closed-
circuit voltage and R is the load resistance. Figure S25
summarizes the detailed correlation between the load resistance
and power output for each of the prepared TENG devices.
Similar to the capacitor charging correlation, the peak power of
the ZIF-8-Cl/PVDF-based TENG is exterior to other devices,
with an instantaneous power density of 2.54 W/m?, 8.2 times
higher than PVDEF, as shown in Figure 4c. The triboelectric
output of the ZIF-8-Cl/PVDF-based TENG is on par with those
of other PVDF-based TENG devices incorporating MOF or
other filler materials under the contact-separation mode, as
summarized in Table SI. Despite variations in the specific
experimental configurations across different studies, the voltage,
current, and power output of ZIF-8-Cl/PVDF-based TENG in
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this work demonstrate comparable performance to other high-
performance TENG devices reported in the field.

3.5. Rotational Mechanical Energy Harvesting. To
demonstrate more practical applications of the prepared ZIF-8-
Cl/PVDF composites, the membranes were also packed in a
freestanding mode TENG, as described in Section 2.5, to
examine the energy harvesting performance for rotational
mechanical motions. Copper plates were used as electrodes in
this configuration for their structural rigidity, processability,
long-term stability under ambient conditions, and similar
triboelectric output compared with aluminum electrodes.
Under the designed freestanding mode, the rotor and stator
operate without physical contact to minimize material wear.
Therefore, the membrane needs to undergo prior tribo-
electrification by contacting a copper sheet before assembling
into TENG, as the operation of the noncontact TENG relies on
the residual charge on the material surface in the absence of
contact triboelectrification. The KPFM results denoted an
average surface potential of —2.2 V for ZIF-8-Cl-based PVDF
film after prior contact, more negative than that of ZIF-8-CHj
and ZIF-8-Br, as presented in Figure 5a. The KPFM technique
measures the contact potential difference (Vpp) of the tested
materials, which provides insight into their relative work
functions according to the following equation:

(Dsample = (Dtip - e'VCPD (l)
where @, is the work function of the measured ZIF-8-X/

PVDF composite, @, is the work function of the KPFM tip, and
e is the elementary charge. The work function of a material
represents the minimum energy required for the removal of an
electron from a solid surface, which has been projected to plagr a
critical role in the output performance of TENG devices.””"!
According to the electron transfer model, electrons transfer from
a material with a lower work function to a higher one to maintain
the Fermi level balance.” Figure Sb illustrates the surface state
model according to the measured work functions. The energy
levels of the functionalized composites are positioned according
to the calculated work functions based on the measured Vpp
determined by KPFM. It is observed that as the functional group
of ZIF-8-X changes to more electronegative halogens, the work
function of the composites gets higher from 5.5 eV for the neat
PVDEF to 6.8 eV for the ZIF-8-Cl/PVDEF. This increment
enlarges the energy gap between the composite and copper. In
order to balance the energy, the large energy gap facilitates the
hopping of electrons upon contact, thereby generating more
charge transfer during contact electrification.

The working principle of the noncontact TENG is illustrated
and explained in Figure $26. For the freestanding mode TENG,
two electrodes are positioned parallel to each other with an
adjustable gap spacing between them and the freestanding
dielectric layer (ZIF-8-Cl/PVDF composite membrane) is
placed above the electrodes. Triboelectric charges will be
induced on the surfaces of electrodes when the composite
membrane is moving between the two electrodes, resulting in
the flow of char§es across the two electrodes through the
external circuit.®*®> As a result, a freestanding mode TENG is a
more flexible operating mode that does not require actual
contact between the electrode and the dielectric material.

For the more eflicient conversion of energy, we designed the
inner and outer electrodes with an alternating pattern, as
depicted in Figure 6a to enhance the electrical output. During
operation, the rotation of active triboelectric material generates a
consistent and sinusoidal voltage output, as shown in Figure S27.
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The design of 8 fan blades on the rotor and stator enables more
frequent charge transfer, therefore increasing the AC output
frequency. Figure 6b presents the open-circuit voltage of the
noncontacting TENG at various rotational speeds, where the
increase in rotational speed will improve the voltage output. The
same trend is identified for the short-circuit current, as shown in
Figure S28. However, it is worth noticing that the charge
generated by the noncontacting TENG for each cycle remains
constant regardless of the rotational speed as shown in Figure 6c.
This is because no triboelectrification happens in noncontacting
operational mode and a similar amount of charge is transferred
at each cycle. The higher rotational speed increases only the
frequency, not the quantity of charge transfer.

Furthermore, the current and voltage produced by a
noncontact mode TENG can also be tuned by adjusting the
distance between the MOF composite rotor and the electrode.
In particular, the current and voltage reduce as the gap increases.
By controlling the gap using the vernier stage, it has been
observed that both voltage and current will experience
exponential decay according to the distance between tribo-
electric layers, as shown in Figures 6d and S29. A similar
degradation rate was found for the voltage and current after
normalization (Figure S30). Since an AC output was generated
by the rotational motion, harnessing this energy for practical
applications like illuminating LED arrays or charging capacitors
requires an additional step of rectification. This process was
achieved through the circuit illustrated in Figure S31.
Subsequently, the noncontacting TENG was employed to
continuously illuminate LEDs due to its relatively high rotation
speed (80 Hz), demonstrated in Figure 6e and Video SI,
offering distinct advantages over contact-separation mode.*® In
addition, the voltage across various capacitors when included in
a circuit connected to the rotary device described is also
measured in Figure 6f. The high operating frequency of the
noncontacting rotary mode enables faster charging speed
compared with the contact-separation mode, thereby offering
great opportunities for efficient energy harvesting. The long-
term output stability of the composite used in this mode was also
tested, as depicted in Figure 6g, demonstrating a relatively high
voltage production after 500,000 cycles. Although the absence of
physical contact will lead to diminished surface charge over time
and therefore a slight degradation of voltage output, the
composite exhibits robust retention of triboelectric charges
under ambient conditions.

4. CONCLUSIONS

In this work, we demonstrated an effective approach to enhance
the triboelectric output of MOF-based materials by modifying
their functional groups with higher electron-withdrawing
capabilities. Through successful functionalization of ZIF-8
with halogenated groups to yield ZIF-8-Br and ZIF-8-Cl, we
established a significant correlation between the electron-
withdrawing ability of the functional group and the resulting
output performance. Notably, our ZIF-8-Cl/PVDF composite
fiber achieved remarkable voltage and current outputs of 312.4
+ 2.0 Vand 4.90 + 0.07 uA, respectively, which are 3.8 and 5.5
times higher than that of the pristine PVDF of the same nominal
surface area. Moreover, the prepared ZIF-8-Cl-based device
showed 8.2 times higher peak power density and demonstrated
stability after 40,000 cycles. The origin of its high triboelectric
performance has been revealed through molecular simulation
and various nanoresolved characterization techniques including
nano-FTIR and KPFM. In addition, practical applications of
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prepared TENG devices were tested by charging small
electronics such as LEDs and capacitors. A rotational free-
standing TENG device employing a ZIF-8-Cl/PVDF membrane
further extends the practical use of the device, with promising
applications in rotational energy harvesting. The proposed
ligand halogenation approach, which introduces stronger
electronegativity to the MOF, can significantly improve the
charge-generating and trapping capability of the material and
can be applicable to other tunable MOF structures. We believe
this work not only provides valuable insights into the judicious
design of MOF materials for improved performance of TENGs
but also opens new possibilities for the application of MOFs in
sustainable energy solutions.

B ASSOCIATED CONTENT

Data Availability Statement
Data will be made available upon request.

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.4c06732.

X-ray diffraction, ATR-FTIR, nano-FTIR, AFM, and
KPFM characterization data; voltage, current, and power
output data; schematic diagrams of experimental setups;
and device working mechanisms (PDF)

Demonstration of a noncontacting freestanding mode
TENG based on ZIF-8-Cl/PVDF composite continu-
ously powering an LED array (Video S1) (MP4)

B AUTHOR INFORMATION

Corresponding Author
Jin-Chong Tan — Multifunctional Materials & Composites
(MMC) Laboratory, Department of Engineering Science,
University of Oxford, Oxford OX1 3PJ, United Kingdom;
orcid.org/0000-0002-5770-408X; Email: jin-chong.tan@
eng.ox.ac.uk

Authors

Jiahao Ye — Multifunctional Materials & Composites (MMC)
Laboratory, Department of Engineering Science, University of
Oxford, Oxford OX1 3PJ, United Kingdom; © orcid.org/
0000-0001-8421-5786

Tianhuai Xu — Multifunctional Materials & Composites
(MMC) Laboratory, Department of Engineering Science,
University of Oxford, Oxford OX1 3P]J, United Kingdom

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsanm.4c06732

Author Contributions

J.Y.: Conceptualization, methodology, investigation, formal
analysis, writing—original draft preparation, writing—review
and editing. T.X.: Methodology, formal analysis, writing—
review and editing. J.-C.T.: Conceptualization, supervision,
funding acquisition, writing—review and editing.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the ERC Consolidator Grant
(PROMOFS Grant Agreement 771575) and the EPSRC Award
(TEGMOF EP/Z534146/1). We acknowledge the Diamond
Light Source for the award of beamtime SM30369 and for the
technical support kindly offered by Dr. Gianfelice Cinque during

3951

the far-IR measurements on Beamline B22 MIRIAM. We thank
Dylan Jubb for his assistance in the design, construction, and
testing of the noncontact TENG rig. We are grateful to Dr. Yang
Zhang for scientific discussions.

B REFERENCES

(1) Qiu, C; Wu, F; Lee, C.; Yuce, M. R. Self-powered control
interface based on Gray code with hybrid triboelectric and photo-
voltaics energy harvesting for IoT smart home and access control
applications. Nano Energy 2020, 70, No. 104456.

(2) Ly, L,; Hy, G.; Liy, J.; Yang, B. SG NB-IoT System Integrated with
High-Performance Fiber Sensor Inspired by Cirrus and Spider
Structures. Adv. Sci. 2024, 11 (18), No. 2309894.

(3) Zhou, Y,; Shen, M;; Cui, X; Shao, Y; Li, L; Zhang, Y.
Triboelectric nanogenerator based self-powered sensor for artificial
intelligence. Nano Energy 2021, 84, No. 105887.

(4) Kim, W. G; Kim, D. W.; Tcho, L. W.; Kim, J. K.; Kim, M. S.; Choi,
Y. K. Triboelectric Nanogenerator: Structure, Mechanism, and
Applications. ACS Nano 2021, 15 (1), 258—287.

(5) Khandelwal, G.; Maria Joseph Raj, N. P.; Kim, S.-J. Triboelectric
nanogenerator for healthcare and biomedical applications. Nano Today
2020, 33, No. 100882.

(6) Shi, Q.; Sun, Z.; Zhang, Z.; Lee, C. Triboelectric Nanogenerators
and Hybridized Systems for Enabling Next-Generation IoT Applica-
tions. Research 2021, 2021, No. 6849171.

(7) Wen, J.; Chen, B,; Tang, W.; Jiang, T.; Zhu, L.; Xu, L.; Chen, J;
Shao, J.; Han, K,; Ma, W.; Wang, Z. L. Harsh-Environmental-Resistant
Triboelectric Nanogenerator and Its Applications in Autodrive Safety
Warning. Adv. Energy Mater. 2018, 8 (29), No. 1801898.

(8) Jin, T.; Sun, Z,; Li, L.; Zhang, Q.; Zhu, M.; Zhang, Z.; Yuan, G.;
Chen, T.; Tian, Y; Hou, X; Lee, C. Triboelectric nanogenerator
sensors for soft robotics aiming at digital twin applications. Nat.
Commun. 2020, 11 (1), No. 5381.

(9) Xu, T.; Ye, J.; Tan, J.-C. Unravelling the Ageing Effects of PDMS-
Based Triboelectric Nanogenerators. Adv. Mater. Interfaces 2024, 11,
No. 2400094.

(10) Lin, L.; Wang, S.; Xie, Y,; Jing, Q.; Niu, S.; Hu, Y.; Wang, Z. L.
Segmentally Structured Disk Triboelectric Nanogenerator for Harvest-
ing Rotational Mechanical Energy. Nano Lett. 2013, 13 (6), 2916—
2923.

(11) Zhang, C.; Liu, Y.; Zhang, B.; Yang, O.; Yuan, W.; He, L.; Wei, X;
Wang, J; Wang, Z. L. Harvesting Wind Energy by a Triboelectric
Nanogenerator for an Intelligent High-Speed Train System. ACS Energy
Lett. 2021, 6 (4), 1490—1499.

(12) Feng, T.; Ling, D; Li, C; Zheng, W.; Zhang, S; Li, C;
Emel’yanov, A.; Pozdnyakov, A. S.; Lu, L.; Mao, Y. Stretchable on-skin
touchless screen sensor enabled by ionic hydrogel. Nano Res. 2024, 17
(5), 4462—4470.

(13) Qian, Q.; Asinger, P. A;; Lee, M. J.; Han, G.; Mizrahi Rodriguez,
K; Lin, S.; Benedetti, F. M.; Wu, A. X.; Chi, W. S.; Smith, Z. P. MOF-
Based Membranes for Gas Separations. Chem. Rev. 2020, 120 (16),
8161—8266.

(14) Gandara-Loe, J.; Souza, B. E.; Missyul, A.; Giraldo, G; Tan, ]. C;
Silvestre-Albero, J. MOF-Based Polymeric Nanocomposite Films as
Potential Materials for Drug Delivery Devices in Ocular Therapeutics.
ACS Appl. Mater. Interfaces 2020, 12 (27), 30189—30197.

(15) Wang, Q.; Astruc, D. State of the Art and Prospects in Metal—
Organic Framework (MOF)-Based and MOF-Derived Nanocatalysis.
Chem. Rev. 2020, 120 (2), 1438—1511.

(16) Gutiérrez, M.; Zhang, Y.; Tan, J.-C. Confinement of Luminescent
Guests in Metal—Organic Frameworks: Understanding Pathways from
Synthesis and Multimodal Characterization to Potential Applications of
LG@MOF Systems. Chem. Rev. 2022, 122 (11), 10438—10483.

(17) Rahman, M. T.; Rana, S. M. S.; Zahed, M. A,; Lee, S.; Yoon, E.-S.;
Park, J. Y. Metal-organic framework-derived nanoporous carbon
incorporated nanofibers for high-performance triboelectric nano-
generators and self-powered sensors. Nano Energy 2022, 94,
No. 106921.

https://doi.org/10.1021/acsanm.4c06732
ACS Appl. Nano Mater. 2025, 8, 3942—3953


https://pubs.acs.org/doi/10.1021/acsanm.4c06732?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c06732/suppl_file/an4c06732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c06732/suppl_file/an4c06732_si_002.mp4
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin-Chong+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5770-408X
https://orcid.org/0000-0002-5770-408X
mailto:jin-chong.tan@eng.ox.ac.uk
mailto:jin-chong.tan@eng.ox.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiahao+Ye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8421-5786
https://orcid.org/0000-0001-8421-5786
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianhuai+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c06732?ref=pdf
https://doi.org/10.1016/j.nanoen.2020.104456
https://doi.org/10.1016/j.nanoen.2020.104456
https://doi.org/10.1016/j.nanoen.2020.104456
https://doi.org/10.1016/j.nanoen.2020.104456
https://doi.org/10.1002/advs.202309894
https://doi.org/10.1002/advs.202309894
https://doi.org/10.1002/advs.202309894
https://doi.org/10.1016/j.nanoen.2021.105887
https://doi.org/10.1016/j.nanoen.2021.105887
https://doi.org/10.1021/acsnano.0c09803?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c09803?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nantod.2020.100882
https://doi.org/10.1016/j.nantod.2020.100882
https://doi.org/10.34133/2021/6849171
https://doi.org/10.34133/2021/6849171
https://doi.org/10.34133/2021/6849171
https://doi.org/10.1002/aenm.201801898
https://doi.org/10.1002/aenm.201801898
https://doi.org/10.1002/aenm.201801898
https://doi.org/10.1038/s41467-020-19059-3
https://doi.org/10.1038/s41467-020-19059-3
https://doi.org/10.1002/admi.202400094
https://doi.org/10.1002/admi.202400094
https://doi.org/10.1021/nl4013002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl4013002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c00368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c00368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12274-023-6365-8
https://doi.org/10.1007/s12274-023-6365-8
https://doi.org/10.1021/acs.chemrev.0c00119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c07517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c07517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00980?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00980?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00980?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00980?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nanoen.2022.106921
https://doi.org/10.1016/j.nanoen.2022.106921
https://doi.org/10.1016/j.nanoen.2022.106921
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c06732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

(18) Shaukat, R. A; Saqib, Q. M.; Kim, J; Song, H.; Khan, M. U,;
Chougale, M. Y.; Bae, J.; Choi, M. J. Ultra-robust tribo- and piezo-
electric nanogenerator based on metal organic frameworks (MOF-S)
with high environmental stability. Nano Energy 2022, 96, No. 107128.

(19) Khandelwal, G.; Chandrasekhar, A.; Maria Joseph Raj, N. P.;
Kim, S. J. Metal-Organic Framework: A Novel Material for
Triboelectric Nanogenerator—Based Self-Powered Sensors and Sys-
tems. Adv. Energy Mater. 2019, 9 (14), No. 1803581.

(20) Chen, Z.; Cao, Y.; Yang, W.; An, L.; Fan, H.; Guo, Y. Embedding
in-plane aligned MOF nanoflakes in silk fibroin for highly enhanced
output performance of triboelectric nanogenerators. J. Mater. Chem. A
2022, 10 (2), 799—807.

(21) Wang, Y. M,; Zhang, X;; Yang, D.; Wu, L.; Zhang, J.; Lei, T,;
Yang, R. Highly stable metal-organic framework UiO-66-NH2for high-
performance triboelectric nanogenerators. Nanotechnology 2022, 33
(6), No. 065402.

(22) Jayababu, N.; Kim, D. Co/Zn bimetal organic framework
elliptical nanosheets on flexible conductive fabric for energy harvesting
and environmental monitoring via triboelectricity. Nano Energy 2021,
89, No. 106355.

(23) Khandelwal, G.; Maria Joseph Raj, N. P.; Vivekananthan, V;
Kim, S. ]J. Biodegradable metal-organic framework MIL-88A for
triboelectric nanogenerator. iScience 2021, 24 (2), No. 102064.

(24) Rajaboina, R. K; Khanapuram, U. K; Vivekananthan, V,;
Khandelwal, G.; Potu, S.; Babu, A.; Madathil, N.; Velpula, M.; Kodali, P.
Crystalline Porous Material-Based Nanogenerators: Recent Progress,
Applications, Challenges, and Opportunities. Small 2024, 20 (1),
No. 2306209.

(25) Nitha, P. K.; Chandrasekhar, A. Marriage between metal-organic
frameworks/covalent-organic frameworks and triboelectric nanogen-
erator for energy harvesting — A review. Mater. Today Energy 2023, 37,
No. 101393.

(26) Wen, R;; Guo, J.; Yu, A.; Zhai, J.; Wang, Z1. Humidity-Resistive
Triboelectric Nanogenerator Fabricated Using Metal Organic Frame-
work Composite. Adv. Funct. Mater. 2019, 29 (20), No. 1807655.

(27) Guo, Y.; Cao, Y.; Chen, Z,; Li, R; Gong, W.; Yang, W.; Zhang,
Q.; Wang, H. Fluorinated metal-organic framework as bifunctional filler
toward highly improving output performance of triboelectric nano-
generators. Nano Energy 2020, 70, No. 104517.

(28) Shao, Z. C.; Chen, J. S.; Xie, Q.; Mi, L. W. Functional metal/
covalent organic framework materials for triboelectric nanogenerator.
Coord. Chem. Rev. 2023, 486, 23.

(29) Ye, J.; Tan, J.-C. High-performance triboelectric nanogenerators
incorporating chlorinated zeolitic imidazolate frameworks with
topologically tunable dielectric and surface adhesion properties. Nano
Energy 2023, 114, No. 108687.

(30) Chen, J.; Shao, Z.; Zhao, Y.; Xue, X.; Song, H.; Wu, Z; Cui, S.;
Zhang, L.; Huang, C.; Mi, L.; Hou, H. Metal-Ion Coupling in Metal-
Organic Framework Materials Regulating the Output Performance of a
Triboelectric Nanogenerator. Inorg. Chem. 2022, 61 (5), 2490—2498.

(31) Wang, Y. M,; Zhang, X. X; Liu, C. S.; Wy, L. T.; Zhang, J. J.; Lei,
T. M.; Wang, Y,; Yin, X. B,; Yang, R. S. Remarkable improvement of
MOFEF-based triboelectric nanogenerators with strong electron-with-
drawing groups. Nano Energy 2023, 107, No. 108149.

(32) Wen, R. M; Feng, R;; Zhao, B,; Song, J. F.; Fan, L. M.; Zhai, J. Y.
Controllable design of high-efficiency triboelectric materials by
functionalized metal-organic frameworks with a large electron-with-
drawing functional group. Nano Res. 2022, 15 (10), 9386—9391.

(33) More, Y. D.; Saurabh, S.; Mollick, S.; Singh, S. K; Dutta, S.; Fajal,
S.; Prathamshetti, A.; Shirolkar, M. M.; Panchal, S.; Wable, M.; Ogale,
S.; Ghosh, S. K. Highly Stable and End-group Tuneable Metal—Organic
Framework/Polymer Composite for Superior Triboelectric Nano-
generator Application. Adv. Mater. Interfaces 2022, 9 (34),
No. 2201713.

(34) Li, S.; Nie, J.; Shi, Y.; Tao, X.; Wang, F.; Tian, J.; Lin, S.; Chen, X;
Wang, Z. L. Contributions of Different Functional Groups to Contact
Electrification of Polymers. Adv. Mater. 2020, 32 (25), No. 2001307.

(35) Khandelwal, G.; Chandrasekhar, A.; Raj, N.; Kim, S. J. Metal-
Organic Framework: A Novel Material for Triboelectric Nano-

3952

generator-Based Self-Powered Sensors and Systems. Adv. Energy
Mater. 2019, 9 (14), No. 1803581.

(36) Ma, H. Z.; Luo, C.; Zhao, J. N.; Shao, Y.; Zhang, Y. H.; Liu, X,; Li,
S.; Yin, B,; Zhang, K,; Ke, K; Zhou, L.; Yang, M. B. Metal-Organic
Framework Based Triboelectric Nanogenerator for a Self-Powered
Methanol Sensor with High Sensitivity and Selectivity. ACS Appl.
Mater. Interfaces 2023, 1S (31), 37563—37570.

(37) Li, Q; An, X. H.; Qian, X. R. Methyl Orange-Doped Polypyrrole
Promoting Growth of ZIF-8 on Cellulose Fiber with Tunable
Tribopolarity for Triboelectric Nanogenerator. Polymers 2022, 14
(2), 332.

(38) Hajra, S.; Sahu, M.; Sahu, R.; Padhan, A. M.; Alagarsamy, P.; Kim,
H. G,; Lee, H,; Oh, S.; Yamauchi, Y.; Kim, H. J. Significant effect of
synthesis methodologies of metal-organic frameworks upon the
additively manufactured dual-mode triboelectric nanogenerator
towards self-powered applications. Nano Energy 2022, 98, No. 107253.

(39) Liu, M. N.; Chen, T.; Yin, F.; Song, W. Z.; Wu, L. X.; Zhang, J;
Ramakrishna, S.; Long, Y. Z. Smart Bandage Based on a ZIF-8
Triboelectric Nanogenerator for In Situ Real-Time Monitoring of Drug
Concentration. ACS Appl. Mater. Interfaces 2024, 16 (30), 39079—
39089.

(40) Pandey, P.; Thapa, K; Ojha, G. P.; Seo, M.-K.; Shin, K. H.; Kim,
S.-W.; Sohn, J. I. Metal-organic frameworks-based triboelectric
nanogenerator powered visible light communication system for wireless
human-machine interactions. Chem. Eng. J. 2023, 452, No. 139209,
DOI: 10.1016/j.cej.2022.139209.

(41) Chaplais, G.; Fraux, G.; Paillaud, J.-L.; Marichal, C.; Nouali, H.;
Fuchs, A. H,; Coudert, F.-X,; Patarin, J. Impacts of the Imidazolate
Linker Substitution (CH3, Cl, or Br) on the Structural and Adsorptive
Properties of ZIF-8. J. Phys. Chem. C 2018, 122 (47), 26945—26955.

(42) Tu, M,; Xia, B.; Kravchenko, D. E.; Tietze, M. L.; Cruz, A. J.;
Stassen, L; Hauffman, T.; Teyssandier, J.; De Feyter, S.; Wang, Z.;
Fischer, R. A.; Marmiroli, B.; Amenitsch, H.; Torvisco, A.; Velasquez-
Hernandez, M. J.; Falcaro, P.; Ameloot, R. Direct X-ray and electron-
beam lithography of halogenated zeolitic imidazolate frameworks. Nat.
Mater. 2021, 20 (1), 93—99.

(43) Abraha, Y. W,; Tsai, C.-W.; Niemantsverdriet, J. W. H.; Langner,
E. H. G. Optimized CO2 Capture of the Zeolitic Imidazolate
Framework ZIF-8 Modified by Solvent-Assisted Ligand Exchange.
ACS Omega 2021, 6 (34), 21850—21860.

(44) Zhang, Y.; Tan, J.-C. Electrospun rhodamine@MOF/polymer
luminescent fibers with a quantum yield of over 90%. iScience 2021, 24
(9), No. 103035.

(45) Kachwal, V.; Mollick, S.; Tan, J.-C. Tailored Broad-Spectrum
Emission in Hybrid Aggregation Induced Emission (AIE)-MOFs:
Boosting White Light Efficiency in Electrospun Janus Microfibers. Adv.
Funct. Mater. 2024, 34 (6), No. 2308062.

(46) Yagi, R.; Ueda, T. Substitution (CH3, Cl, or Br) effects of the
imidazolate linker on benzene adsorption kinetics for the zeolitic
imidazolate framework (ZIF)-8. Phys. Chem. Chem. Phys. 2023, 25 (30),
20585—20596.

(47) Abid, H. R;; Azhar, M. R; Iglauer, S.; Rada, Z. H.; Al-Yaseri, A.;
Keshavarz, A. Physicochemical characterization of metal organic
framework materials: A mini review. Heliyon 2024, 10 (1), No. e23840.

(48) Grassi, G.; Scala, A; Piperno, A.; lannazzo, D.; Lanza, M,;
Milone, C.; Pistone, A, Galvagno, S. A facile and ecofriendly
functionalization of multiwalled carbon nanotubes by an old mesoionic
compound. Chem. Commun. 2012, 48 (54), 6836—6838.

(49) Andreeva, A. B.; Le, K. N.; Chen, L.; Kellman, M. E.; Hendon, C.
H.; Brozek, C. K. Soft Mode Metal-Linker Dynamics in Carboxylate
MOFs Evidenced by Variable-Temperature Infrared Spectroscopy. J.
Am. Chem. Soc. 2020, 142 (45), 19291—19299.

(50) Tanaka, S.; Fujita, K.; Miyake, Y.; Miyamoto, M.; Hasegawa, Y.;
Makino, T.; Van der Perre, S.; Cousin Saint Remi, J.; Van Assche, T.;
Baron, G. V.; Denayer, J. F. M. Adsorption and Diffusion Phenomena in
Crystal Size Engineered ZIF-8 MOF. J. Phys. Chem. C 2015, 119 (51),
28430—28439.

(51) Luanwuthi, S.; Krittayavathananon, A.; Srimuk, P.; Sawangphruk,
M. In situ synthesis of permselective zeolitic imidazolate framework-8/

https://doi.org/10.1021/acsanm.4c06732
ACS Appl. Nano Mater. 2025, 8, 3942—3953


https://doi.org/10.1016/j.nanoen.2022.107128
https://doi.org/10.1016/j.nanoen.2022.107128
https://doi.org/10.1016/j.nanoen.2022.107128
https://doi.org/10.1002/aenm.201803581
https://doi.org/10.1002/aenm.201803581
https://doi.org/10.1002/aenm.201803581
https://doi.org/10.1039/D1TA08605G
https://doi.org/10.1039/D1TA08605G
https://doi.org/10.1039/D1TA08605G
https://doi.org/10.1088/1361-6528/ac32f8
https://doi.org/10.1088/1361-6528/ac32f8
https://doi.org/10.1016/j.nanoen.2021.106355
https://doi.org/10.1016/j.nanoen.2021.106355
https://doi.org/10.1016/j.nanoen.2021.106355
https://doi.org/10.1016/j.isci.2021.102064
https://doi.org/10.1016/j.isci.2021.102064
https://doi.org/10.1002/smll.202306209
https://doi.org/10.1002/smll.202306209
https://doi.org/10.1016/j.mtener.2023.101393
https://doi.org/10.1016/j.mtener.2023.101393
https://doi.org/10.1016/j.mtener.2023.101393
https://doi.org/10.1002/adfm.201807655
https://doi.org/10.1002/adfm.201807655
https://doi.org/10.1002/adfm.201807655
https://doi.org/10.1016/j.nanoen.2020.104517
https://doi.org/10.1016/j.nanoen.2020.104517
https://doi.org/10.1016/j.nanoen.2020.104517
https://doi.org/10.1016/j.ccr.2023.215118
https://doi.org/10.1016/j.ccr.2023.215118
https://doi.org/10.1016/j.nanoen.2023.108687
https://doi.org/10.1016/j.nanoen.2023.108687
https://doi.org/10.1016/j.nanoen.2023.108687
https://doi.org/10.1021/acs.inorgchem.1c03338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c03338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c03338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nanoen.2022.108149
https://doi.org/10.1016/j.nanoen.2022.108149
https://doi.org/10.1016/j.nanoen.2022.108149
https://doi.org/10.1007/s12274-022-4731-6
https://doi.org/10.1007/s12274-022-4731-6
https://doi.org/10.1007/s12274-022-4731-6
https://doi.org/10.1002/admi.202201713
https://doi.org/10.1002/admi.202201713
https://doi.org/10.1002/admi.202201713
https://doi.org/10.1002/adma.202001307
https://doi.org/10.1002/adma.202001307
https://doi.org/10.1002/aenm.201803581
https://doi.org/10.1002/aenm.201803581
https://doi.org/10.1002/aenm.201803581
https://doi.org/10.1021/acsami.3c07966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c07966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c07966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/polym14020332
https://doi.org/10.3390/polym14020332
https://doi.org/10.3390/polym14020332
https://doi.org/10.1016/j.nanoen.2022.107253
https://doi.org/10.1016/j.nanoen.2022.107253
https://doi.org/10.1016/j.nanoen.2022.107253
https://doi.org/10.1016/j.nanoen.2022.107253
https://doi.org/10.1021/acsami.4c07446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c07446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c07446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2022.139209
https://doi.org/10.1016/j.cej.2022.139209
https://doi.org/10.1016/j.cej.2022.139209
https://doi.org/10.1016/j.cej.2022.139209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b08706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b08706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b08706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-020-00827-x
https://doi.org/10.1038/s41563-020-00827-x
https://doi.org/10.1021/acsomega.1c01130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c01130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.isci.2021.103035
https://doi.org/10.1016/j.isci.2021.103035
https://doi.org/10.1002/adfm.202308062
https://doi.org/10.1002/adfm.202308062
https://doi.org/10.1002/adfm.202308062
https://doi.org/10.1039/D3CP01662E
https://doi.org/10.1039/D3CP01662E
https://doi.org/10.1039/D3CP01662E
https://doi.org/10.1016/j.heliyon.2023.e23840
https://doi.org/10.1016/j.heliyon.2023.e23840
https://doi.org/10.1039/c2cc31884a
https://doi.org/10.1039/c2cc31884a
https://doi.org/10.1039/c2cc31884a
https://doi.org/10.1021/jacs.0c09499?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09499?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b09520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b09520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5RA05950J
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c06732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

graphene oxide composites: rotating disk electrode and Langmuir
adsorption isotherm. RSC Adv. 2018, 5 (58), 46617—46623.

(52) Méslein, A. F.; Gutiérrez, M.; Cohen, B.; Tan, J.-C. Near-Field
Infrared Nanospectroscopy Reveals Guest Confinement in Metal—
Organic Framework Single Crystals. Nano Lett. 2020, 20 (10), 7446—
7454.

(53) Kim, D. W,; Lee, J. H.; Kim, J. K;; Jeong, U. Material aspects of
triboelectric energy generation and sensors. NPG Asia Mater. 2020, 12
(1), No. 6.

(54) Zhang, Y.; Jia, Y.; Hou, La. Synthesis of zeolitic imidazolate
framework-8 on polyester fiber for PM2.5 removal. RSC Adv. 2018, 8
(55), 31471-31477.

(55) Mondal, S.; Maiti, S.; Paul, T.; Poddar, S.; Das, B. K;
Chattopadhyay, K. K. CsPbI3—PVDF Composite-Based Multimode
Hybrid Piezo-Triboelectric Nanogenerator: Self-Powered Moisture
Monitoring System. ACS Appl. Mater. Interfaces 2024, 16 (7), 9231—
9246.

(56) Bhatta, T.; Sharma, S.; Shrestha, K.; Shin, Y.; Seonu, S.; Lee, S.;
Kim, D.; Sharifuzzaman, M.; Rana, S. M. S.; Park, J. Y. Siloxene/PVDF
Composite Nanofibrous Membrane for High-Performance Tribo-
electric Nanogenerator and Self-Powered Static and Dynamic Pressure
Sensing Applications. Adv. Funct. Mater. 2022, 32 (25), No. 2202145.

(57) Frisch, M.et al. Gaussian 09, Revision D.01; Gaussian, Inc.:
Wallingford, CT, 2009.

(58) Xu, Y.; Min, G.; Gadegaard, N.; Dahiya, R.; Mulvihill, D. M. A
unified contact force-dependent model for triboelectric nanogenerators
accounting for surface roughness. Nano Energy 2020, 76, No. 105067.

(59) Persson, B. N. . Theory of rubber friction and contact mechanics.
J. Chem. Phys. 2001, 115 (8), 3840—3861.

(60) Zhou, J.; Zhang, J.; Deng, Y.; Zhao, H.; Zhang, P.; Fu, S.; Xu, X;
Li, H. Defect-mediated work function regulation in graphene film for
high-performing triboelectric nanogenerators. Nano Energy 2022, 99,
No. 107411.

(61) Seung, W.; Yoon, H.-J.; Kim, T. Y.; Ryu, H.; Kim, J.; Lee, J.-H.;
Lee, J. H; Kim, S.; Park, Y. K;; Park, Y. J.; Kim, S.-W. Boosting Power-
Generating Performance of Triboelectric Nanogenerators via Artificial
Control of Ferroelectric Polarization and Dielectric Properties. Adv.
Energy Mater. 2017, 7 (2), No. 1600988.

(62) Xu, C; Zi, Y.; Wang, A. C.; Zou, H; Dai, Y.; He, X.; Wang, P,;
Wang, Y.-C.; Feng, P.; Li, D.; Wang, Z. L. On the Electron-Transfer
Mechanism in the Contact-Electrification Effect. Adv. Mater. 2018, 30
(15), No. 1706790.

(63) Reddy, B. N.; Kumar, P. N,; Deepa, M. A Poly(3,4-
ethylenedioxypyrrole) —Au@WO3-Based Electrochromic Pseudocapa-
citor. ChemPhysChem 2018, 16 (2), 377—389.

(64) Lin, L; Wang, S; Niu, S; Liu, C; Xie, Y,; Wang, Z. L.
Noncontact Free-Rotating Disk Triboelectric Nanogenerator as a
Sustainable Energy Harvester and Self-Powered Mechanical Sensor.
ACS Appl. Mater. Interfaces 2014, 6 (4), 3031—3038.

(65) Niu, S.; Liu, Y.; Chen, X.; Wang, S.; Zhou, Y. S;; Lin, L.; Xie, Y.;
Wang, Z. L. Theory of freestanding triboelectric-layer-based nano-
generators. Nano Energy 2015, 12, 760—774.

(66) Tcho, 1.-W.; Jeon, S.-B.; Park, S.-J.; Kim, W.-G.; Jin, L. K.; Han, J.-
K; Kim, D, Choi, Y.-K. Disk-based triboelectric nanogenerator
operated by rotational force converted from linear force by a gear
system. Nano Energy 2018, 50, 489—496.

3953

https://doi.org/10.1021/acsanm.4c06732
ACS Appl. Nano Mater. 2025, 8, 3942—3953


https://doi.org/10.1039/C5RA05950J
https://doi.org/10.1039/C5RA05950J
https://doi.org/10.1021/acs.nanolett.0c02839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c02839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c02839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41427-019-0176-0
https://doi.org/10.1038/s41427-019-0176-0
https://doi.org/10.1039/C8RA06414H
https://doi.org/10.1039/C8RA06414H
https://doi.org/10.1021/acsami.3c16373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c16373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c16373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202202145
https://doi.org/10.1002/adfm.202202145
https://doi.org/10.1002/adfm.202202145
https://doi.org/10.1002/adfm.202202145
https://doi.org/10.1016/j.nanoen.2020.105067
https://doi.org/10.1016/j.nanoen.2020.105067
https://doi.org/10.1016/j.nanoen.2020.105067
https://doi.org/10.1063/1.1388626
https://doi.org/10.1016/j.nanoen.2022.107411
https://doi.org/10.1016/j.nanoen.2022.107411
https://doi.org/10.1002/aenm.201600988
https://doi.org/10.1002/aenm.201600988
https://doi.org/10.1002/aenm.201600988
https://doi.org/10.1002/adma.201706790
https://doi.org/10.1002/adma.201706790
https://doi.org/10.1002/cphc.201402625
https://doi.org/10.1002/cphc.201402625
https://doi.org/10.1002/cphc.201402625
https://doi.org/10.1021/am405637s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am405637s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nanoen.2015.01.013
https://doi.org/10.1016/j.nanoen.2015.01.013
https://doi.org/10.1016/j.nanoen.2018.05.067
https://doi.org/10.1016/j.nanoen.2018.05.067
https://doi.org/10.1016/j.nanoen.2018.05.067
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c06732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Noncontact TENGs with
Fluorinated MOFs for

Rotational Energy Harvesting

6.1 Background and motivation

Contact-separation mode TENGs often suffer from material abrasion and
degradation due to repetitive frictional forces during operation. Despite the higher
triboelectric output from contact-separation mode TENGs, their shorter device
lifespan and output stability have limited the potential application of TENG in many
areas [177]. This issue is also significant with MOF-based TENG devices, as MOF
films are usually considered brittle and easy to crack under high impact forces [178],
thereby affecting output stability subject to fatigue loading. To overcome this issue,
noncontact TENGs have been developed under freestanding mode to mitigate
material wear and tear while maintaining efficient energy harvesting for long-term
performance. The noncontact TENGs exhibit improved durability and flexibility,
making them suitable for applications in intelligent human-machine interfaces,

gesture recognition systems, and wireless sensors [179]. Four distinct structures for
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noncontact TENGs have been developed, including approach-separation structure
[180,181], turnable structure [182,183], spring-assisted structure [184,185], and
magnetic-assisted structure [186,187]. Among the four designs, turnable structures
have demonstrated excellent potential in the fields of energy collection in complex
environments and automatic force sensing due to the continuous triboelectric output

and relatively high power density compared to other designs [188].

For example, a rotary TENG was developed by Zhou et al. which collects
kinetic energy from riding and braking of bicycles under either contact or non-
contact mode, as shown in Figure 6.1 [189]. In this work, the movement of steel
plate rotator induces charge displacement on the copper stator, generating a peak
current output of 10 pA that can illuminate 156 LEDs simultaneously. The
performance of the device was maintained after 10.3 km of cycling, demonstrating
durable and stable electrical output. Moreover, several other noncontact rotational
TENGs with varied structural designs demonstrated excellent potential in practical
applications [190,191]. Based on the preliminary development of rotational TENGs
conducted in Paper II, this chapter focuses on improving the device configuration
and understanding the working mechanism of noncontact TENG. The aim of this
study is to design a MOF-based TENG under noncontact mode to overcome the
mechanical stability issue with brittleness of MOF while exploring a wider range

of applications.

In Chapter 5, halogenated ligands with strong electron-withdrawing effects
were shown to significantly improve the triboelectric output of MOF-based TENG

devices. This principle can be further applied to noncontact TENG devices to

114



6. Noncontact TENGs with Fluorinated MOFs for Rotational Energy Harvesting

improve their energy harvesting capabilities. Fluorine, the most electronegative
element in nature, has been incorporated into several MOF structures to enhance
charge transfer efficiency, making them ideal candidates for high-performance
MOF-based TENGs. For example, in 2020, Guo et al. produced a highly effective
TENG by using fluorinated KAUST-8 as a filler material in PDMS matrix [15]. The
assembled TENG showed an 11-fold increase in output power compared to pristine
PDMS film, attributed to the high electron affinity of fluorinated functional groups

and the large surface area of porous MOF materials.

(b)
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Figure 6.1. The overview of dual mode rotary triboelectric nanogenerator (DMR-
TENG). (a) The 3D schematic of rotator and stator of the DMR-TENG. (b)
Photograph of the DMR-TENG assembled into a bicycle brake. (Scale bar, 3 cm.)
(c) The DMR-TENG is assembled into bicycle brake to drive a speedometer and
156 serial LEDs by collecting rotational kinetic energy as a power source. Inset
figures show the front view and rear view of the DMR-TENG. Adapted from ref
[189]. Copyright 2021 John Wiley and Sons.
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Figure 6.2. (a) Preparation procedure of UiO-66—4 F@PDMS composite films. (b)
Top view and (c) side view SEM images of an UiO-66—4 F@PDMS composite film
(9 wt.%). (d) XPS spectra of the UiO-66-4 F@PDMS composite film. (e) The
schematic diagram of the UiO-66—4 F@PDMS TENG device. Adapted from ref
[192]. Copyright 2023 Elsevier.

Moving forward, Wang et al. introduced a strongly tribo-negative UiO-66
material through functionalisation by doping high electron-withdrawing fluorine
atoms, yielding UiO-66-4F [192]. The synthesised MOF was then embedded into
PDMS matrix to prepare TENG devices, as shown in Figure 6.2. The prepared UiO-
66—-4F@PDMS composite film demonstrated an exceptionally high voltage and
current output of 937 V and 30.6 pA, respectively, with 77.5 times higher power
density compared to that of TENG without MOF inclusion. This research further
emphasised the importance of having strong electron-withdrawing groups within
the MOF structure. Given the recent progress in fluorinated MOF on improved

performance of TENG devices, this chapter combines the concepts of fluorinated
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MOFs and noncontact TENGs to develop an energy harvesting device that achieves

both high triboelectric output and long-term durability.

6.2 Summary of Paper III

6.2.1 Preparation of ZIF-8-CF3 and its composite

ZIF-8-CF3 was selected as a study candidate due to its high fluorine content
and its potential to enhance triboelectric property in prior works [193]. In Chapter
5, a series of ZIF-8-X materials were synthesised through solvothermal reactions
(see Section 3.3.1.2). However, the same approach did not yield trifluoromethyl-
functionalised ZIF-8 with SOD topology, instead forming QTZ topology due to
unfavourable reaction kinetics. To overcome this limitation, ZIF-8-CF3; in SOD
topology was prepared through a mechanical grinding approach with a different
metal salt precursor. The reactants were subjected to vortex grinding using three
zirconium milling balls. The prepared ZIF-8-CFj3 particles were then embedded in
PVDF matrices for enhanced flexibility in noncontact TENG. The SEM image and
EDS mapping of the prepared composites are presented in Figure 6.3, confirming
the successful incorporation of MOFs with zinc metal ion centres and fluorinated
ligands within the PVDF matrix. Additionally, the XRD pattern and FTIR spectra
of synthesised ZIF-8-CF3 demonstrated strong agreement with molecular

simulation results, as shown in Paper III (Figure 2).
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Figure 6.3. SEM image and EDS mapping analysis of ZIF-8-CF3/PVDF composite
film.

The physicochemical properties of synthesised ZIF-8-CF3; were further
characterised using multimodal analytical techniques, including nano-FTIR,
synchrotron far-IR microspectroscopy, and confocal Raman imaging, as discussed
in Paper III. Figure 6.4 and Figure 6.5 present the far-IR microscopic images and
point-by-point spectra of the ZIF-8-CF3 nanoparticles and ZIF-8-CF3/PVDF
composite films. The far-IR spectrum of MOF reveals the metal-ligand interactions
with characteristic vibrational peaks primarily at 276 cm™ and 591 cm™'. The PVDF

matrix presented distinctive peaks at 484 cm™ and 510 cm™! in the far-IR region,
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corresponding to the a-phase and f-phase crystalline interactions, respectively
[194]. Within the composite, the band of ZIF-8-CF3 evolved upon detection of the
filler material, demonstrating successful incorporation of filler materials within

polymer matrix without significant chemical interactions.
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Figure 6.4. (a) Synchrotron far-IR microspectroscopic image and (b) point spectra
of ZIF-8-CF3 at the marked locations.
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Figure 6.5. (a) Microscopic image of ZIF-8-CF3/PVDF composite film, and (b, ¢)
synchrotron far-IR spectra of ZIF-8-CF3/PVDF composite film measured at
positions marked in (a).

6.2.2 Design of noncontact TENG

The design of noncontact TENG was developed based on the customised
experimental setup described in Chapter 3 (Section 3.1.2). The setup consists of a
stator unit with alternatively arranged aluminium electrodes and a rotor unit
embedded with prepared ZIF-8-CF3/PVDF composite. The separation gap between
the rotor and stator is maintained at 0.5 mm, allowing charge induction without

direct physical contact. The design of the stator unit is illustrated in Figure 6.6,
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while the rotor has a similar configuration to the inner electrode (electrode 2). The
rotor features eight blades that correspond to the alternatively arranged electrodes,
increasing the output frequency by 8 times, ensuring the excellent continuity and

stability of electrical output.

Electrode 1

Electrode 2

Figure 6.6. Design of stator unit with alternatively arranged electrodes.

The operating mechanism of the designed noncontact TENG is illustrated
in detail in Paper III (Figure 3b) and involves two key stages: initially, the prepared
tribo-active material on the rotor was contacted with metal to accumulate surface
charges. Then, as the rotor rotated, unbalanced surface charges were induced
between the alternating electrodes, leading to cyclic electrical output collected
between the electrodes. A representative output voltage profile is shown in Figure
6.7, demonstrating a sinusoidal waveform at 80 Hz under an operating frequency
of 10 Hz. Compared to conventional contact-separation mode, the noncontact
TENG offers several advantages. Firstly, the operating frequency of contact-

separation mode TENG is normally limited to 5 Hz, while rotational TENGs enable
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tuneable output frequencies for a wider range of applications. Moreover, in actual
applications, the abrupt mechanical collisions during contact-separation mode
usually introduce fluctuations in output, but a smoother waveform can be generated
in a noncontact TENG compared to contact-separation mode. Furthermore, the
mechanical vibration and noise of operation are kept minimum in noncontact TENG,
making it suitable for wearable electronics and biomedical applications. Overall,
the designed noncontact rotational mode TENG is a more durable, stable, and
efficient alternative to the contact-separation mode, especially for high-speed, long-

duration energy harvesting applications.
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Figure 6.7. An example of voltage output profile from the noncontact TENG with
an operating frequency of 10 Hz.

6.2.3 Triboelectric output evaluation
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The triboelectric output of ZIF-8-CF3-based composite under noncontact
mode was subsequently evaluated using the customised setup described above. The
triboelectric voltage and current output of ZIF-8-CF3/PVDF-based noncontact
TENG were measured and presented in Figure 6.8. The highest voltage and current
output of 280 + 8 V and 19 + 0.4 pA were achieved under an operating frequency
of 30 Hz with a separation gap of 0.5 mm. The voltage output remained relatively
stable across different operating frequencies, while the current output showed a
linear scaling with rotational speed due to direct proportionality to the charge
transfer rate. The reduced voltage with lower frequency was also observed in a few
studies related to noncontact TENG, which can be attributed to the increased
approaching-separating rate with faster induced charge transfer and the change in
gap between the electrodes due to the tremble of rotor during rotation [190,195,196].
Compared to pristine PVDF material, fluorinated ZIF-8-CF; significantly improved
the triboelectric output under noncontact mode TENG by 1.5 times, as shown in
Paper III (Figure 3c). Subsequently, combining the results from theoretical DFT
calculations, electrical performance characterisation, and KPFM measurements, the
mechanism of enhanced performance by ZIF-8-CF3-based noncontact TENG was
proposed and discussed in Paper I11. Firstly, the simulated ESP distribution map of
ZIF-8-CF3 framework demonstrated a heterogeneous distribution of positive and
negative charges across the framework structure, with the presence of the highest
occupied crystal orbital (HOCO) and lowest unoccupied crystal orbital (LUCO) on
the ligands. While charge transfer between materials normally takes place at LUCO,

this indicates that the ligands with trifluoromethyl groups have a critical role during
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the contact electrification process. Moreover, the KPFM measurement on the
sample surface detected a lower surface potential value near the area with the filler
materials, demonstrating a strong -electron-withdrawing ability to increase
triboelectric charge generation. Both molecular simulations and experimental

results confirmed the excellent performance of ZIF-8-CF3 based TENG device.

Voltage (V)

'300_ 30Hz 25Hz 20Hz : 15Hz 10Hz S5Hz 30 26Hz | 20 15Hz 10Hz 5Hz
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Figure 6.8. (a) The open-circuit voltage output and (b) short-circuit current output
of 0.5 wt% ZIF-8-CFs-based noncontact freestanding TENG under operating
frequencies between 5 and 30 Hz.

Moreover, the practical applications of prepared noncontact TENG were
verified by harvesting the rotational energy and storing it in capacitors through a
rectifier circuit. Notably, the charging rate of capacitors under noncontact rotational
mode was significantly higher than that of contact-separation mode TENGs. Here,
a 0.1 pF capacitor was charged to 200 V within just 3 seconds owing to the high-
frequency output, whereas the contact-separation mode TENG discussed in Chapter
4 reached only 5 V in the same duration. In addition, the noncontact TENG was
capable of illuminating an array of over 180 LEDs continuously due to its high

electric potential and output frequency. Figure 6.9 demonstrates the charging-
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discharging curves determined across the capacitor during operation of a timer. As
the timer requires a sustained voltage of 1.3 V to operate, the non-contact TENG
enables continuous operation of the timer. The noncontact operation mode further
expands the boundary of real-life application for MOF-based TENG due to

excellent triboelectric output and demonstrates potential in practical applications.
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Figure 6.9. Voltage measured across a 10 uF capacitor while charging a timer.
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6.3 Paper III: Noncontact Triboelectric Nanogenerators Based on
Fluorinated Metal-Organic Frameworks for Rotational Energy

Harvesting and Sensing

Online version: https://doi.org/10.1063/5.0273138
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ABSTRACT

Metal-organic framework (MOF) materials have demonstrated promising potential as triboelectric nanogenerators (TENGs) in recent stud-
ies due to their unique advantages, such as high surface area and vast tunability in physicochemical response. However, the poor mechanical
stability and durability of MOF-based TENGs may limit their practical applications. In this study, a MOF-based, noncontact rotational TENG
has been designed using a highly fluorinated MOF, namely, ZIF-8-CF3, incorporated into a poly(vinylidene fluoride) (PVDF) polymer matrix
to enhance triboelectric output and mitigate material abrasion during operation. The noncontact TENG demonstrated excellent voltage and
current output of 280 + 8 V and 19.0 + 0.4 pA, respectively. The power density of the prepared noncontact TENG based on the composite is
~66 WW/cm?, about 2 times higher than that of the neat PVDF-based TENG. The noncontact TENG exhibits excellent mechanical stabil-
ity, sustaining high triboelectric output over a test comprising half a million cycles. The potential application of the ZIF-8-CF3/PVDEF-based
TENG was tested by powering various microelectronics under rotational operations. The prepared rotational device also shows strong poten-
tial for use in force and humidity sensing. The basic mechanism of the ZIF-8-CF3/PVDF-based TENG was revealed by ab initio quantum
mechanical modeling and nanoscale surface potential analysis.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0273138
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. INTRODUCTION

Triboelectric nanogenerators (TENGs), which operate based
on contact electrification and electrostatic induction, have attracted
significant research interest as an emerging technology for mechan-
ical energy harvesting and self-powered sensors.”” Over the past
decade, TENGs have been explored for use in a range of scenarios,
including harvesting energy from biomechanical motions,” wind,*
ocean waves,” and mechanical vibrations.® Although TENGs have
many advantages, such as simple fabrication, versatility in design,
and excellent device flexibility, the power output of TENGs remains
limited by the selection of counter-material pairs for optimal charge
transfer. The tribo-positive component of a TENG, which donates
electrons, is typically a cost-effective metal such as copper or

aluminum, while the tribo-negative counterpart, which has a higher
electron affinity, is largely restricted to fluorinated polymers such
as polytetrafluoroethylene (PTFE) and poly(vinylidene fluoride)
(PVDE). To further expand the choice of high-performance tribo-
negative materials, researchers are exploring the potential use of
metal-organic framework (MOF) materials for this purpose.

MOFs are a class of nanoporous hybrid materials with high
tunability and large internal surface area. Taking their unique struc-
ture and physicochemical properties into account, MOFs have been
developed for various applications, including gas separation and
storage,”” catalysis,”'’ sensing,'"'” and drug delivery."”'* Recently,
MOFs have emerged as a promising candidate for TENG applica-
tions, with reports showing that the physicochemical properties of
MOFs may significantly improve the performance of TENGs."” "’

APL Electron. Devices 1, 036109 (2025); doi: 10.1063/5.0273138
© Author(s) 2025
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Research has focused on tuning the MOF structure by functional-
izing the organic ligand to enhance triboelectric properties.”’*’ In
2020, Guo et al. prepared a fluorinated MOF, KAUST-8, as both
a charge-inducing and charge-trapping filler material in a PDMS
matrix to yield TENG devices with enhanced triboelectric output.*
The introduction of fluorine atoms, improved surface roughness,
and higher capacitance together led to improved triboelectric per-
formance. Moreover, Wang et al. embedded a hydrophobic MOF,
UiO-66-4F, within a PDMS polymer to achieve a remarkably high
triboelectric output of 937 V.*> The fluorinated MOF demonstrated
great electron-withdrawing ability in both molecular simulation
and experimental results. These studies demonstrated that fluori-
nated MOFs can serve as effective filler materials for triboelectric
applications.

Although MOF-based TENGs have been extensively stud-
ied in recent years, most research has focused on the contact-
separation mode.”® Despite their high triboelectric output, the struc-
tural robustness of MOF-based TENGs under high-frequency and
high mechanical impact loads remains a challenge, and it is a
major hindrance to commercialization.'”*" Recently, noncontact
triboelectric nanogenerators, which operate based on electrostatic
induction, have drawn more attention as they avoid damage and
wear on functioning materials due to the absence of direct phys-
ical interaction.”””” The first tunable-structure noncontact TENG
was designed by Lin et al., using fluoroethylene propylene copoly-
mer (FEP) films as the rotary unit and aluminum foil as stationary
electrodes.’’ Subsequent research has focused on the optimization
of the device structure and exploration of novel applications.’’
Compared to other TENG structures, noncontact triboelectric nano-
generators offer advantages such as high efficiency and enhanced
electrical performance.”” More importantly, abrasion is avoided,
enabling a longer device lifespan and better structural robustness.
Currently, four distinct structures for noncontact TENGs have been
developed, namely, the approach-separation structure,””* rota-
tional structure,”’”* spring-assisted structure,””° and magnetic-
assisted structure.”””* Among the four designs, rotational structures
have demonstrated excellent potential in the field of energy collec-
tion under complex environments and automatic force sensing due
to their continuous triboelectric output and relatively high power
density compared to other designs.*’

Herein, to leverage the tunability of MOF and improve the
structural robustness of MOF-based TENGs, we reported the devel-
opment of a highly fluorinated MOF, Zn(2-(trifluoromethyl)-1H-
imidazole),, denoted as ZIF-8-CFs, as a promising filler material
for a noncontact rotational triboelectric nanogenerator to harvest
rotational mechanical energy. The high fluorine content in the
periodic framework of ZIF-8-CF; provides a strong surface electron-
withdrawing ability, creating stable and abundant charge-trapping
sites during the initial contact electrification stage. Introducing these
crystalline nanoparticles within the conventional PVDF matrix sig-
nificantly improves the triboelectric performance of TENGs. An
optimum filler loading of 0.5 wt. % was found to yield the highest
output voltage and current output of 280 + 8 V and 19.0 + 0.4 pA,
respectively. The highest power density output of 66.2 WW/cm? was
achieved by the composite, which is about twice as high as that of the
pristine PVDF-based TENG. The reason behind this improvement
was further investigated through molecular simulation and surface
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potential analysis. The prepared device demonstrated its poten-
tial for applications in rotational energy harvesting and humidity
sensing.

1. METHODOLOGY
A. Materials

Zinc basic carbonate [Zns5(CO3),(OH)s] was purchased from
Thermo Fisher. The 2-(trifluoromethyl)-1H-imidazole (CF3Im) lig-
and was obtained from BLD Pharma. Dimethylformamide (DMF),
dimethylacetamide (DMA), and methanol (MeOH) were pur-
chased from Sigma-Aldrich. HSV900 poly(vinylidene fluoride) was
supplied by Arkema. All chemicals were used as received.

B. Synthesis of ZIF-8-CF; and ZIF-8-CFz/PVDF
composite films

ZIF-8-CF; with sodalite topology was synthesized through a
mechanical grinding approach.”’ Zinc basic carbonate (111 mg) and
CF3;Im (280 mg) were physically mixed in a 20 ml glass vial. Then,
50 uL of DMF and three zirconium ball bearings were added to
the solid mixture. The glass vial was placed on a vortex grinder at
1200 rpm for 60 min of reaction. The resulting mixture was washed
with methanol and centrifuged three times to yield 160 mg of white
ZIF-8-CF;3 powder.

To prepare the composite membrane, the synthesized powders
were mixed with 13.7 wt. % PVDF/DMA solution to achieve a target
filler weight loading of 0.2, 0.5, 2, and 5 wt. % in the polymer matrix
composite. The solution was homogenized and then cast onto a PET
substrate using a doctor blade. The PVDF composites were heated at
50 °C to evaporate the solvents. The resulting films had an average
thickness of 100 + 20 ym.

C. Fabrication of freestanding mode TENG

The freestanding mode triboelectric nanogenerator test rig
comprises a stator unit of interdigitated electrodes and a rotor
unit incorporating the prepared ZIF-8-CF3/PVDF nanocomposite.
Both units were supported by 3D-printed assemblies and securely
mounted on a linear rail. The stator unit features a complemen-
tary pattern of two separate aluminum plates to ensure alternating
electron transfer. The rotor unit was designed as a fan-blade-shaped
substrate coated with the nanocomposite film. To ensure consistent
testing conditions, the rotor unit was driven by a motor powered by
a controlled power supply for different rotational frequencies. The
gap between the stator and the rotor on the rail was adjusted by a
Vernier stage. A tachometer (RS AT-8) was utilized to measure the
rotational speed of the rotor. The TENG voltage output was mea-
sured by a Picoscope 5444B oscilloscope with a Rigol RP1300H 100
MQ high-voltage probe. The output current and charge were mea-
sured by a Keithley 6517 electrometer. The surface potential profile
at the macroscale was characterized by employing a surface direct
current (DC) voltmeter (AlphaLab USSVM2) to measure the rate of
surface charge decay. The triboelectric performance under various
relative humidities (RH) was evaluated in a controlled environment
by placing the TENG setup within a sealed glove bag. After a stable
triboelectric output was achieved, the glove bag was purged with dry
nitrogen gas until the RH reached 10%. Then, humidified air was
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gradually introduced to increase RH up to 85%, while continuously
recording the generated triboelectric voltage.

D. Materials characterization

A field-emission scanning electron microscope (FESEM
LYRA3 GM TESCAN) was used to examine the surface morpholo-
gies of the prepared MOF and the MOF/PVDF composite materials.
Energy-dispersive x-ray spectroscopy (EDS) was performed with
FESEM to evaluate the elemental composition of the prepared sam-
ples. The X-ray diffraction (XRD) patterns of MOF powders were
measured by a Rigaku Miniflex diffractometer. Fourier-transform
infrared spectra (FTIR) were recorded by a Nicolet iS10 FTIR spec-
trometer equipped with an attenuated total reflectance (ATR) mod-
ule. Atomic force microscopic (AFM) height topography images and
nano-FTIR spectra were measured by a scattering-type scanning
near-field optical microscope (Neaspec s-SNOM). Confocal Raman
microspectra were obtained by an Oxford Instruments WITec
Raman microscope equipped with a 532 nm excitation laser. Far-
IR microspectroscopy was performed at the multimode IR imaging
and microspectroscopy (MIRIAM) Beamline B22 at the Diamond
Light Source synchrotron via a Bruker Hyperion 3000 microscope
coupled to a Vertex 80v interferometer.*! Kelvin probe force micro-
scopy (KPFM) was carried out using an Asylum Research Cypher ES
atomic force microscope equipped with an ASYELEC-01-R2 con-
ductive tip under the scanning Kelvin probe microscopy (SKPM)
mode.

E. Ab initio quantum mechanical
computational details

Periodic density functional theory (DFT) calculations on the
ZIF-8-CF; model were carried out with the CRYSTAL23 ** code at
the PBEsol0-3c level of theory.” PBEsol0-3c is a composite method
based on a hybrid Hartree-Fock/DFT Hamiltonian combined with
a double-zeta quality basis set, augmented with a semiclassical dis-
persion term and a geometrical counterpoise correction. For the
numerical integration of the exchange-correlation term, 75 radial
points and 974 angular points (XLGRID) in a Lebedev scheme were
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adopted. The SCF convergence was set to 1077 and 107'° Hartrees
during geometry optimization and frequency calculation steps,
respectively. The Pack-Monkhorst/Gilat shrinking factors for the
diagonalization of the Kohn-Sham matrix in reciprocal space were
set to 2. The truncation criteria (TOLINTEG) for the bielectronic
integrals (Coulomb and exchange series) were set to 77 7 7 25. A full
relaxation of both lattice parameters and atomic positions was per-
formed. After geometry optimization, vibrational frequencies at the
I'-point were computed using two-point numerical differentiation,
and the CPHF/KS (Coupled-Perturbed Hartree-Fock/Kohn-Sham)
approach was employed to calculate the infrared intensities. Sub-
sequently, a Lorentzian peak broadening with a FWHM of 8 cm™
was employed to simulate the infrared spectra. Electrostatic poten-
tial maps (ESP) and the highest occupied and lowest unoccupied
crystalline orbitals (HOCO and LUCO) were computed at the same
level of theory to analyze the electronic structure of the investigated
model system. The computed results were plotted using JMol.**

lll. RESULTS AND DISCUSSION

The functionalized ZIF-8-CF3 nanoparticles were synthesized
through a mechanical grinding approach, utilizing a mixture of zinc
basic carbonate and 2-(trifluoromethyl)-1H-imidazole, as illustrated
in Fig. 1(a). The prepared materials were then dispersed into a PVDF
solution and fabricated into a composite film through doctor blade
casting. The SEM image and EDS mapping images in Fig. 1(b)
reveal homogeneously distributed fluorine atoms within the MOF
crystals, confirming the successful formation of ZIF-8-CF;. The as-
synthesized ZIF-8-CF; crystals (average particle size of 400 nm)
were then incorporated into PVDF membranes for triboelectric per-
formance evaluation. These submicron-sized MOFs, with a high
surface-to-volume ratio, are capable of improving charge-generating
properties while avoiding agglomerations within the composite.”
The SEM image of the composite film surface is shown in Fig. 1(c). A
uniform dispersion of the nanoparticles within the polymer matrix
was observed at a low filler wt. % concentration. The AFM height
topography shown in Fig. 1(c) also confirms the homogeneous dis-
tribution of fillers within the polymer. Figures S2 and S3 present the

a Mechanical " ix wi
) mixing Vortex grinding Wash and dry M'XS"C‘)’I'E?iOPXDF Doctor blade
N «

Zn5(CO;3)2(OH)g »:%4? R
DMF ST — . FIG. 1. (a) Schematic diagram of the
CFslm oy O preparation procedures for ZIF-8-CF;
‘:}%{‘“ and ZIF-8-CF/PVDF composite film. (b)
Ball bearings ZIF-8-CFs ZIF-8-CF3/PVDF SEM image and EDS mapping anal-

composite

ysis of ZIF-8-CF;. The EDS spec-
trum of the framed area is presented
in Fig. S1. (c) SEM image of a 0.5
wt. % ZIF-8-CF3/PVDF film. (d) AFM
height topography image of a 0.5 wt. %
ZIF-8-CF3/PVDF film. The inset shows
the AFM image of a single ZIF-8-CF;
particle.
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EDS mapping images and spectrum of a ZIF-8-CF3/PVDF compos-
ite film, showing evidence of ZIF-8-CF; particles embedded within
the matrix. The larger-scale surface morphology of the 0.5 wt. % ZIF-
8-CF3/PVDF composite was examined by SEM, as shown in Fig.
S4, demonstrating the uniformity of the prepared polymer matrix.
Figure S5 shows the SEM images of PVDF composites doped with
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different amounts of MOF fillers. While MOF particles are evenly
distributed within the matrix at low concentrations, some larger
aggregates are observed as the filler loading increases to 2 wt. %,
suggesting a reduction in the filler dispersion quality.

The powder XRD pattern of the as-synthesized ZIF-8-CF; is
shown in Fig. 2(a). The experimental measurement aligns with
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FIG. 2. (a) XRD patterns of the crystalline ZIF-8-CF3 compound compared with the simulated pattern (CCDC 1859152). (b) ATR-FTIR spectra of ZIF-8-CF5; compared with
the simulated results by DFT. (c) Far-IR spectrum of ZIF-8-CF5 compared with simulated results by DFT. (d) ATR-FTIR absorbance of ZIF-8-CF3/PVDF composites between
1085 and 1170 cm~". (e) Optical microscope (top panel) and Raman mapping images of the ZIF-8-CF3/PVDF composite. (f) Component analysis of the ZIF-8-CF3/PVDF
composite showing the confocal Raman spectra of the ZIF-8-CF5; and PVDF constituents measured under 532 nm excitation, corresponding to the color in (e), bottom
panel. (g) AFM height topography and near-field infrared second-harmonic optical amplitude (O2A) signal of ZIF-8-CF3. (h) Contour plot of nano-FTIR spectra across the
as-synthesized ZIF-8-CF3, determined by a line scan from position 1-8 as indicated in (g).

01:80:G G20z 1snbny 61

APL Electron. Devices 1, 036109 (2025); doi: 10.1063/5.0273138 1,036109-4

© Author(s) 2025


https://pubs.aip.org/aip/aed

APL Electronic Devices

the simulation results, with diffraction peaks at 7.1° (110), 10.1°
(200), and 12.3° (211), confirming the sodalite (SOD) topology of
the MOF crystals. This highly symmetrical and porous topology
contributes to an increased effective surface area during contact.
Figure 2(b) shows the ATR-FTIR spectra of ZIF-8-CF; compared
with the DFT-simulated results. The characteristic bands at 1194
and 1224 cm™! can be assigned to the C-F bond vibrations,” while
the peaks at 1132 and 1105 cm™ correspond to vibrations of the
imidazole rings. The C-F groups with high electronegativity act as
charge-trapping sites, thus enhancing charge transfer during con-
tact electrification. The synthesized ZIF-8-CF3 also shows excellent
chemical stability, with minimal variations in its chemical consti-
tution observed after immersion in different solvents, as shown in
Fig. S6. The excellent chemical stability of ZIF-8-CF3; makes it a
promising candidate for real-world applications, especially under
varying environmental conditions and long-term operations perti-
nent to practical TENG devices. Synchrotron far-IR or TeraHertz
(THz) spectra and microspectroscopic image of a thin film of ZIF-
8-CF;3 are presented in Figs. 2(c) and S7, respectively. Within the
THz region, ZIF-8-CF; exhibits vibrational bands at 276, 400, 444,
560, and 591 cm™, corresponding to the interactions between the
metal ion and the CF3Im ligand. Figure S8 shows a large aggregate of
Z1F-8-CF; embedded under the PVDF matrix, while the main char-
acteristic peak of ZIF-8-CF; at 591 cm”! remains detectable from the
spectrum of the composite material. This demonstrated the success-
ful incorporation of filler materials into the polymer matrix without
significant chemical interactions.

Figure 2(d) shows the ATR-FTIR spectra of the ZIF-8-
CF3/PVDF composite film at different mass loadings (wt. %). No
obvious band shift was observed, indicating the absence of strong
chemical interactions between the MOF and the PVDF matrix due
to the relatively low filler loading. In the 1085-1170 cm™" region, an
increase in the peak intensity at 1132 cm™" for the composite film
is observed as the concentration of ZIF-8-CF3 increases, confirm-
ing the successful incorporation of fillers within the polymer matrix
without strong chemical interactions. In addition, the observation
of C-F bonds on the composite surface demonstrates the improved
electronegativity of the material, contributing to a higher charge
density. Figures 2(e) and 2(f) show the confocal Raman map analysis
and component spectra of the ZIF-8-CF3/PVDF composite film. The
color difference in Fig. 2(e) distinguishes the filler materials (black)
from the polymer matrix (orange), with their corresponding Raman
spectra shown in Fig. 2(f). For ZIF-8-CF;, the characteristic peaks
at 753 and 1462 cm ™" were observed for the C-F bond deforma-
tion and the in-plane bending of the C-H bond, respectively."® For
PVDF, the Raman band at 2970 cm™! is assigned to CH, symmetric
stretching, the band at 1429 cm™ is assigned to the CH, scissoring
and wagging, and the 1138 cm™ peak is assigned to CF, symmet-
ric stretching.”” Figure S9 shows the confocal Raman analysis on
the cross-section of a ZIF-8-CF3/PVDF membrane, demonstrating
a 3D distribution of particles within the matrix throughout both the
planar [Fig. 2(e)] and thickness directions. These embedded fillers
increase the contact area at the MOF-polymer interface, which acts
as microcapacitors to trap more charges during contact electrifica-
tion, thereby improving the triboelectric performance.*® Figure 2(g)
shows the s-SNOM infrared images and absorption spectra of an
aggregate of ZIF-8-CFj; particles. By scanning through the aggregate,
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the spectra show homogeneity across the line scan, with strong IR
absorption peaks at 1150 and 1240 cm™". The near-field nano-FTIR
averaged spectra of ZIF-8-CF3 shown in Fig. S10 exhibit similar
characteristic peaks compared to the far-field ATR-FTIR results, fur-
ther confirming the successful synthesis and structural integrity of
the MOF material.

The prepared nanocomposites were cut into circular sectors
and pasted onto the 3D-printed rotor unit to yield an assembly of
a noncontact freestanding mode TENG. A schematic of the over-
all design is shown in Fig. 3(a), and a photograph of the electrical
performance testing rig is shown in Fig. S11. The energy generation
mechanism consists of two steps: an initial contact electrification
of the active triboelectric layer followed by electrostatic induc-
tion through cyclic rotational motion. First, the ZIF-8-CF3/PVDF
composite on the rotor undergoes prior contact electrification by
contacting the aluminum electrodes on the stator to accumulate sur-
face charges. Due to the high electron affinities of the composite
surface and the strong electron-donating nature of aluminum, elec-
trons transfer from the metal to the surface of the ZIF-8-CF;/PVDF
film, resulting in a net negative charge on the composite film. Then
the layers were separated by a 0.5 mm gap. The rotor containing
the prepared composite film rotates parallel to the aluminum elec-
trodes to induce electrical output, with the operating principle of the
designed noncontact TENG illustrated in Fig. 3(b). During rotation,
the active triboelectric material on the rotor continuously passes
over the interlaced electrodes on the stator. At the initial state (step
i), the rotor is aligned with electrode 1. As it moves from step i to step
ii, a potential difference is generated due to the imbalance of surface
charges induced by the negative charges on the composite material,
which drives the electrons to flow from electrode 2 to electrode 1.
While the rotor continues to rotate and align with the position of
electrode 2, the majority of electrons accumulate on electrode 1,
leaving electrode 2 induced with positive charges. As the composite
film continues to rotate along the stator, it moves to the next segment
of electrode 1, as shown in step iv. Since the electrodes are alterna-
tively arranged (illustrated in Fig. S12), the electrons flow backward
from electrode 1 to electrode 2. The cycle then proceeds back to
step i due to the periodic design of the rotation TENG. Therefore,
the cyclic process facilitates a continuous back-and-forth flow of
electrons, thereby generating an alternating current (AC) output.

The voltage output of the ZIF-8-CF3/PVDF composites under
the noncontact freestanding mode was measured at different mass
loadings under a rotational frequency of 30 Hz, as shown in Fig. 3(c).
The highest voltage was achieved by the 0.5 wt. % ZIF-8-CF3/PVDF
composite with 1.5 times higher output compared with the neat
PVDF film. In noncontact mode, the surface roughness caused by
the incorporation of filler materials may not enhance triboelectric
performance through increased effective contact area, as observed in
the contact-separation mode. Instead, a smooth surface contributes
to a more stable and consistent electrical output. The enhanced per-
formance at 0.5 wt. % can be attributed to a balance between surface
charge enhancement and particle dispersion. At low concentrations
(below 0.5 wt. %), the introduction of MOF dopants introduces addi-
tional charge-generating and trapping sites at the polymer-filler
interface, which enhances the surface charge density and retention
after prior contact. The MOF fillers introduce surface heterogeneity
of chemical bonds, which facilitates the formation of local dipoles."”
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FIG. 3. (a) Schematic diagram of a noncontact rotational TENG comprising a stator unit and a rotor unit. (b) Operating mechanism of the ZIF-8-CF3/PVDF-based noncontact
rotational TENG. (c) Open-circuit voltage output of TENGs at different wt. % loadings of ZIF-8-CF; fillers. (d) Open-circuit voltage output and (e) short-circuit current output
of a 0.5 wt. % ZIF-8-CF3/PVDF TENG tested under various operating frequencies. (f) Open-circuit voltage of a 0.5 wt. % ZIF-8-CF3/PVDF TENG at different separation
gaps. (g) Peak voltage and power density as a function of load resistance for the 0.5 wt. % ZIF-8-CF3/PVDF TENG. (h) Voltage stability of a 0.5 wt. % ZIF-8-CF3/PVDF

TENG over a durability test of up to 500 000 cycles.

However, as the filler content increases, a significant reduction in
output performance was observed due to particle agglomeration,
as shown in Fig. S5c, leading to a reduction in charge transport
pathways and a decline in charge transfer efficiency.

The open-circuit voltage and short-circuit current of the
0.5 wt. % PVDF composite were measured at different rotational
frequencies ranging from 5 to 30 Hz. For the voltage output, the pre-
pared device could generate up to 280 + 8 V and 19 + 0.4 pA under
an operating frequency of 30 Hz, as illustrated in Figs. 3(d) and 3(e).
The voltage and current outputs at different frequencies on a larger
time scale are shown in Figs. S13 and S14. The output signal does

not show a significant reduction while the frequency changes. This is
attributed to the origin of the potential difference induced by the dif-
ference in surface potential between the two materials. However, the
minor reduction in voltage is likely due to variations in the approach
and separation speeds of the tribo-active materials, which can induce
faster charge transfer.”” On the other hand, the current output exhib-
ited a linear relationship with the operating frequency of the TENG.
Since the electrical current is a measure of the charge flow rate, and
the charge transferred through each cycle remains constant, the cur-
rent is inversely proportional to time and thus directly proportional
to the operating frequency.
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The relationship between the electrical output of the TENG
and the gap distance between the rotor and stator was also
studied. By controlling the gap size between the electrode and
the active nanocomposite material with a Vernier stage, it was
observed that both the voltage and current outputs exhibited a
significant decay as the triboelectric layers became further apart,
as illustrated in Figs. 3(f) and S15. According to the theoretical
modeling conducted by Niu et al., both the open-circuit volt-
age and short-circuit transferred charge reduce as the separation
distance increases, thereby decreasing the maximum harvested
energy.”’

The voltage output of the fabricated noncontact TENG was
evaluated under closed-circuit conditions with various load resis-
tances. The instantaneous power density Py is calculated using the
equation Py = V2/(R x A), where V is the measured closed-circuit
voltage, R is the external load resistance, and A is the surface
area of the rotor unit (A = 30.46 cm?). As shown in Fig. 3(g),
the 0.5 wt. % ZIF-8-CF3/PVDF-based TENG exhibited an instan-
taneous power density of 66.2 uW/cm®. In comparison, the neat
PVDE-based TENG achieved a power density of 33.6 yW/cm?, as
shown in Fig. S16, indicating a 1.97-fold improvement in power
density due to the incorporation of the ZIF-8-CF; filler. Further-
more, the long-term output stability of the prepared device was
tested over 500000 continuous cycles, as shown in Fig. 3(h). An
initial decline was observed due to the dissipation of accumulated
charges on the composite surface through air. However, the device
maintained a considerably high and stable output thereafter, which
we attributed to the excellent charge retention capability of the
composite film. The noncontact design offers the unique advantage
of eliminating mechanical wear and abrasion, thereby enhancing
both the operational durability and mechanical resilience of the
material. Small fluctuations in voltage observed during the test are
likely caused by variations in humidity, which will be discussed
below.

The underlying reason behind the electrical output improve-
ment of the ZIF-8-CF3/PVDEF-based TENG was further investigated
through ab initio periodic DFT calculations and nanoscale surface
potential characterization. The electrostatic potential (ESP) map

a) b)
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of the periodic structure of ZIF-8-CF; was first simulated using
CRYSTAL23, as shown in Fig. 4(a). The trifluoromethyl (-CF3)
group, with its strong electron-withdrawing ability, induces a local-
ized dipole within the framework, enhancing charge transfer and
retention. The ESP map reveals a heterogeneous charge distribu-
tion with alternating positive (blue) and negative (red) regions,
indicating the formation of abundant charge traps that facilitate
electron capture and retention. Furthermore, the highest occupied
crystalline orbital (HOCO) and the lowest unoccupied crystalline
orbital (LUCO) of the ZIF-8-CFj3 structure, presented in Fig. 4(b),
provide deeper insights into its electronic properties. The presence
of HOCO and LUCO around the ligand of ZIF-8-CF; suggests that
electron density is concentrated on the fluorine-rich ligands, influ-
enced by the trifluoromethyl group. Since the charge acceptance
of the ZIF-8-CFj; structure occurs at LUCO, this indicates that the
CF3Im ligands dominate the charge transfer process, making them
critical in enhancing the tribo-negative behavior of ZIF-8-CFs.
Figures 4(c)-4(e) show the AFM height topography, KPFM
surface potential map, and 3D mapping of the ZIF-8-CF3/PVDF
composite film. Compared to the neat PVDF film, ZIF-8-CF3/PVDF
exhibits a more negative contact potential difference (Vcpp) mea-
sured by KPFM, indicating a higher work function. According to
electron transfer theory, electrons flow from materials with lower
work functions to those with higher work functions.”® Therefore,
the lower Vcpp of ZIF-8-CF3/PVDF represents a higher electron-
withdrawing ability, making it an effective tribo-negative material in
a triboelectric pair. In addition, the incorporation of ZIF-8-CF; par-
ticles ontp the polymer surface introduces surface potential hetero-
geneity, which further enhances charge retention at the nanoscale.
Both simulation and experimental results confirm the critical role
of the fluorinated MOF in enhancing the triboelectric properties of
the composite structure. Figure S17 further demonstrates the charge
retention performance of the prepared composites. Macroscale sur-
face potential measurements were conducted using a surface DC
voltmeter. The decay of surface potential over time was fitted to
an exponential decay model to extract the time constant (7), which
reflects the material’s ability to retain surface charges. The 0.5 wt. %
composite exhibited a time constant of 349 s, significantly higher

FIG. 4. (a) Electrostatic potential mapped
on a charge density isosurface of 0.003
electron charge per Bohr® for the ZIF-
8-CF3; framework obtained from DFT.
(b) Highest occupied crystalline orbital
(HOCO) and lowest unoccupied crys-
talline orbital (LUCO) of the periodic
structure of ZIF-8-CF3. (c) AFM height
topography image and (d) correspond-
ing KPFM surface potential of a ZIF-

~26.5mv 8-CF3/PVDF composite film. (e) 3D
map of height topography superimposed
with the corresponding surface potential
shown in (d).

-73.5mv
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than the ~50 s measured for the pristine PVDF polymer, demon-
strating improved charge retention. This enhancement is attributed
to the incorporation of highly electronegative MOF fillers, which act
as charge-trapping sites within the polymer matrix, thereby slowing
charge dissipation.

To assess the practical application of the prepared TENG
devices, the generated AC output was harvested and stored in capac-
itors through a full rectifier circuit, as shown in Fig. 5(a). After
rectification, the alternating current (AC) generated from the rota-
tional motion was converted into direct current (DC), doubling its
frequency without significant energy loss, as shown in Fig. 5(b) and
its inset. Compared with the conventional contact-separation mode,
the noncontact mode TENG offers several advantages. First, its abil-
ity to operate at high rotational speeds results in electrical output
with higher frequency and orders of magnitude greater energy out-
put, significantly expanding its potential applications. Furthermore,

ARTICLE pubs.aip.org/aip/aed

the noncontact mode substantially extends the material’s durability
by mitigating wear and mechanical degradation. Although rotational
energy harvesting is completed without physical contact, the energy
stored in capacitors is relatively faster than the contact-separation
mode. For instance, a 0.1 pF capacitor can be easily charged to its
maximum operating voltage of 200 V within only 3 s, as illustrated
in Fig. 5(c).

The capacitor charging curves for a 10 pF capacitor at differ-
ent operating frequencies are demonstrated in Fig. 5(d). Following
the same trend as the current output at various frequencies, the
higher current output at a faster rotational speed improves the
energy harvesting efficiency. In addition, the rectified electrical out-
put was used for continuous LED illumination. Figure 5(e) shows the
LED brightness variations with an increasing number of LEDs con-
nected in series, reaching a maximum of 180 LEDs. Since the output
current operates at 240 Hz, which is well above the flicker fusion
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FIG. 5. (a) Schematic diagram of a full rectifier circuit. (b) Short-circuit current before and after rectification. (c) Charging speed of capacitors with different capacitances
using the 0.5 wt. % ZIF-8-CF3/PVDF TENG. (d) Charging speed of a 10 pF capacitor under different operating frequencies. () Continuous illumination of a large number
of LEDs in series powered by the noncontact TENG. (f) Voltage across a 10 pF capacitor while charging a calculator. (g) Voltage output of the 0.5 wt. % ZIF-8-CF3/PVDF
TENG under different humidity levels. (h) Relationship between voltage output and relative humidity for the 0.5 wt. % ZIF-8-CF3/PVDF TENG.
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threshold of the human eye, the LEDs appear to emit a steady light.
Video S1 (see supplementary material) shows the illumination of 60
LEDs under an operating frequency of 30 Hz. Beyond LED illumi-
nation, we show that other small electronics such as a calculator and
a timer could be powered continuously during the operation of the
noncontact TENG, with their charge and discharge curves demon-
strated in Figs. 5(f) and S18, showing a reproducible cycling perfor-
mance. The full demonstrations for charging these electronics are
presented in Videos S2 and S3 (see supplementary material), demon-
strating excellent potential in practical applications. The prepared
noncontact TENG also demonstrates its potential as a humidity sen-
sor, and its voltage response over a range of relative humidity levels is
shown in Figs. 5(g) and 5(h). Atlow humidity levels (<50% RH), the
device exhibits low sensitivity in output voltage toward variation in
humidity. However, at higher humidity levels, a rapid decline in volt-
age was observed. This reduction is attributed to the increased water
content in the air, which hinders charge accumulation and facili-
tates surface charge dissipation on the material surface. The strong
dependence of output voltage on different RH conditions high-
lights the potential of noncontact TENG devices for environmental
monitoring applications.

IV. CONCLUDING REMARKS

In conclusion, this work demonstrated a design for deploying
a noncontact TENG based on a fluorinated metal-organic frame-
work material, ZIF-8-CF3, incorporated into a PVDF matrix. The
device was rationally designed to operate at high frequencies while
maintaining excellent mechanical and chemical stability. The incor-
poration of ZIF-8-CF; nanofillers significantly improved the overall
electrical performance of the TENG device, achieving a voltage and
current output of 280 + 8 V and 19.0 + 0.4 pA, respectively, under
an optimum MOF filler loading of 0.5 wt. %. The observed perfor-
mance enhancement is attributed to the excellent electron-trapping
ability of the fluorine-rich microporous structure and the uniform
distribution of charge sites on the MOF-polymer composite. The
findings have been confirmed through ab initio DFT calculations
and nanoscale KPFM characterization. Potential applications of this
device have been demonstrated through capacitor charging, LED
illumination, and the powering of small electronic devices. Its poten-
tial as a humidity and rotational speed sensor was also explored,
showcasing the prospect for broader applications and opening new
design strategies in MOF-based TENG development.

SUPPLEMENTARY MATERIAL

ATR-FTIR, nanoFTIR, far-IR microspectroscopy, and confocal
Raman characterization data. Voltage and current data. Schematic
diagrams of the experimental setups. Supplementary material
videos: see Videos S1-S3 for demonstrations of applications.
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Unravelling the Mechanism of
Polymer/Metal Charge Transfer

7.1 Background and motivation

The underlying mechanism of contact triboelectrification (CE) has been a
subject of controversy since its initial discovery thousands of years ago [39].
Despite centuries of research, the exact nature of charge transfer during CE remains
unclear due to its complexity in nature and the lack of advanced characterisation
techniques [3]. With the recent advancement of triboelectric nanogenerators since
2012, this topic has attracted new attention, leading to advancements in both

theoretical and experimental approaches to better understand it.

Currently, the electron transfer model is the most widely accepted theory in
CE. However, limitation of this model exists, leaving certain phenomena unable to
be fully explained. Recent studies suggest that the energy barrier for atoms to
approach sufficiently close in the repulsive region may be too high, making electron
cloud overlap unlikely to occur as previously theorised [197]. This has raised

questions about the validity of a purely electron-based transfer mechanism. Instead,
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research into material’s mechanical properties suggests that the transfer of charged
species, such as ions or small material fragments, may also contribute to CE [51,53].
While the mechanism of CE remains complex and multifaceted, understanding it is
critical for precise control of the performance of TENGs. As a result, this chapter
aims to unravel the underlying mechanism of charge transfer in CE, specifically
focusing on the polymer/metal interfaces. Through various proposed models, the
roles of chemical, mechanical, and surface electronic properties in influencing

charge transfer are investigated.

To explore the mechanism of CE, A judicious selection of material was
conducted. As demonstrated in Chapter 4, the approach of applying functionalised
groups in MOF ligands has demonstrated its effectiveness in enhancing charge
transfer and triboelectric outputs. This principle can be extended to pristine
polymers by modifying the functional group on the surface, allowing for a deeper

understanding of the mechanisms that might affect CE.

PDMS was selected as the polymer for this study due to its well-documented
tribo-negative behaviour, high transparency, elasticity, and flexibility, making it a
staple in TENG applications [28,59,198-201]. Although the functionalisation of
PDMS is a well-established technique in biomedical applications, including cell
culture [202], anticorrosion [203], antifouling [204], and molecule sensing [205],
the effect of surface functionalisation of PDMS on triboelectric output remains

largely unexplored in the field of triboelectric nanogenerators.
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A well-known approach for functionalising PDMS surfaces is the formation
of self-assembled monolayers (SAMs) [206]. SAMs are prepared by immersing a
plasma-treated substrate into a solution. These molecules contain a head group
capable of binding to the substrate and a tail group that determines the substrate's
surface properties. In 2020, Wang et al. used highly fluorinated molecules as surface
modification layers to improve the triboelectric property of PDMS, as shown in
Figure 7.1. A SAM based on the highly fluorinated molecule, 1H,1H,2H,2H-
perfluorododecyl (F21) significantly improved the triboelectric output, increasing it
from 200 V and 20 pA for pristine PDMS to 873 V and 78 pA. The improvement is
attributed to the effective transfer of surface electrons from the aluminium counter
electrode [207]. Additionally, SAM functionalisation on aluminium electrodes
using 3-aminopropyl triethoxysilane (APTES) further enhanced the triboelectric
performance. Later, the same group reported another cationic thiol-based SAM
using cationic (11-mercaptoundecyl)-N,N,N-trimethylammonium bromide on
PDMS, achieving record-breaking voltage and current output of 1008 V and 124.9
LA [208]. In general, these studies demonstrate the tuneability of triboelectric
properties through SAM modifications, offering a valuable opportunity to
investigate the chemical, mechanical, and surface potential factors contributing to

CE.

As a result, this chapter aims to utilise SAM-functionalised PDMS as a
platform to study the underlying mechanism of charge transfer at polymer/metal
interfaces. The focus of this chapter lies in understanding how different functional

groups influence surface properties and the triboelectric performance of TENGs.
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Figure 7.1. (a) Schematic illustration of the device architecture used in this study
and chemical structures of silane-based SAM molecules. (b and ¢) Mechanism of
silane-based SAM formation on a hydrated PDMS and aluminium (Al) surface.
Adapted with permission from ref [207]. Copyright 2020 Royal Society of
Chemistry.

7.2 Summary of Paper IV

7.2.1 Surface functionalisation of PDMS
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The PDMS substrates are surface functionalised through SAMs of three
siloxane molecules: (3-aminopropyl)triethoxysilane (APTES), 3-
(trimethoxysilyl)propyl methacrylate (TMSPMA), and vinyltrimethoxysilane
(VIMS). The chemical properties of SAMs were analysed through molecular
simulations and FTIR characterisations, as shown in Paper IV (Figures 2 and 3).
These siloxane molecules were selected based on variations in their head, tail, and
spacer chemical groups, providing a range of electronegativity at the functional

group's end (amine, vinyl, and methacrylate groups, respectively).

RMS roughness = 1.177 nm RMS roughness = 0.540 nm

Figure 7.2. AFM 3D height topography of the (a) PDMS, (b) VITMS-PDMS, (c)
APTES-PDMS, and (d) TMSPMA-PDMS surfaces.

The functionalised PDMS samples were prepared by immersing a spin-

coated PDMS substrate into solutions of SAM molecules. The AFM image of the
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functionalised PDMS surfaces revealed minimal changes in the surface topography

with comparable surface roughness across samples, as shown in Figure 7.2.

7.2.2 Electrical performance

The electrical performance of the functionalised PDMS samples was
evaluated after being assembled into TENG devices, with indium tin oxide (ITO)
electrodes as the counter material. Among the tested samples, TMSPMA-
functionalised PDMS exhibited the highest triboelectric output, achieving voltage
and current outputs of 189V and 6.75 pA, respectively, as shown in Paper IV
(Figure 4). Conversely, APTES-functionalised PDMS demonstrated the lowest
performance when paired with ITO; the reason behind this outcome will be

discussed below.

+ -
APTES- VTMS-
PDMS PDMS PDMS L '
Tribo-positive Tribo-negative

Figure 7.3. Triboelectric series summarising the relative triboelectric properties of
the functionalised PDMS and ITO electrode.

A triboelectric series has been presented in Figure 7.3 to visualise the
relative tendency of the material to gain or lose electrons through contact
electrification. ITO, normally considered a highly tribo-positive material due to its
high conductivity and electron-donating nature, has been widely used for TENGs

[55]. Despite its relatively more positive position on the triboelectric series, the
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functionalisation of a highly electron-accepting PDMS membrane with APTES can
lead to even more electron-donating properties over ITO. On the other hand, the
incorporation of methyl acrylate groups enhanced the triboelectric output against
ITO, placing it in the most negative region in the triboelectric series amongst the
materials studied. All these observations supported that the variation of surface
functional groups leads to significant changes in its triboelectric properties,
demonstrating that the contact electrification process is an interfacial phenomenon
and that the surface properties of a material have a more dominant effect on its
triboelectric properties. Therefore, the variation in surface properties of the material
can be an effective and universal approach for boosting the triboelectric

performance of bulk materials.
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Figure 7.4. Variation of peak power output density and voltage output relative to
different load resistances for the (a) PDMS, (b) TMSPMA-PDMS, (c) VIMS-
PDMS, and (d) ATPES-PDMS based TENG devices.
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The power densities of functionalised PDMS under various resistances were
measured and presented in Figure 7.4. The power density output follows a similar
trend to the triboelectric voltage and current output. When connected to an external
resistive load, TMSPMA-PDMS exhibited the highest power density output of 393
mW m?, which is twice that of pristine PDMS. On the other hand, other
functionalized PDMS samples demonstrated reduced power density due to the
incorporation of electron-donating functional groups on the polymer surface. This
effect was particularly pronounced in APTES-PDMS, where the triboelectric nature
of PDMS shifted from electron-withdrawing to electron-donating, as shown in
Figure 7.3, making the charge transfer with electrode less favourable. Furthermore,
all PDMS samples exhibited their highest power density around 3 MQ, except for
APTES-PDMS, which reached its maximum at over 10 MQ. The load resistance at
the highest power density corresponds to the internal resistance of the prepared
TENG device. As there is a high resistance for electrons to transfer in APTES-

PDMS sample, the output density is significantly lower compared to other samples.

7.2.3 Nano-FTIR spectroscopy

To elucidate the charge transfer mechanism between functionalised PDMS
and the ITO electrode, nearfield infrared nano-FTIR spectroscopy combined with
AFM was employed, allowing for high-resolution analysis of surface chemical and
physical properties. When contacting the PDMS membrane against a pristine ITO-
PET sheet, fragments of PDMS were observed to transfer onto the ITO surface,

forming lumps of various sizes detected under the AFM. For example, Figure 7.5
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displays a large transferred particle with a size of over 10 um. The chemical
composition of the observed lump was characterised by nano-FTIR with a spatial
resolution of 20 nm. Strong characteristic peaks have been identified at 1100 cm™!
and 1264 cm!, corresponding to the Si-O-Si and Si-CH3 bending modes of PDMS,

respectively.
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Figure 7.5. (a) AFM height topography and (b) its corresponding nano-FTIR
absorption of a large-size PDMS residue (>10 pm) transferred to the ITO surface.
(c) Nano-FTIR spectra that correspond to the points on a line marked in the AFM
image. (d) The contour plot of nano-FTIR spectra of the line scan depicted in panel

(b).

Similarly, residues of functionalised PDMS at smaller sizes were observed
in Figure 7.6. Here, the characteristic IR absorption peaks at 1100 cm” and
1264 cm! were detected not only on the transferred particles, but also on the smooth
ITO surface, although with a significantly weaker signal. This indicates that
chemical bond breakage occurs in the contact region, leading to detectable residues.

Moreover, while comparing the relative peak intensity of 1100 cm™ and 1264 cm™,
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the Si-O-Si peak on the bulk ITO surface shows a lower intensity compared to
TMSPMA-PDMS, indicating the potential of PDMS backbone breakage due to the
contact-separation process. These findings provide additional evidence of material
transfer during contact electrification, which is further discussed in Paper IV

(Section 3.3).

—— TMSPMA-PDMS
— 11

Topography (nm
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Figure 7.6. (a) AFM height topography and (b) its corresponding nano-FTIR
absorption of a medium-size TMSPMA-PDMS residue (<10 um) transferred to the
ITO surface. (¢) Comparison of nano-FTIR spectra that corresponds to the points
marked on the AFM image and the neat TMSPMA-PDMS.

7.2.4 Surface mechanical behaviour

The mechanical property also has a significant contribution to the
triboelectric properties of material based on previous studies [53,209]. The pull-off
test was performed on functionalised PDMS membranes to examine the surface
mechanical properties. To perform the test, a nanoindenter was used with a
cylindrical flat punch at a radius of 26 pm. A standard load-depth correlation from

the pull-off test is shown in Figure 7.7. The flat punch was initially positioned 2 pm
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above the sample surface. The tip was then lowered towards the surface at a speed
of 100 nm s!, with surface detection facilitated by monitoring the phase signal.
Upon contact, the punch applied a load at a rate of 0.01 mN s! to reach a maximum
load of 0.1 mN. The tip remained at this peak load for 2 seconds before being
unloaded at the same rate and retracted 5 um from the surface. The pull-off force is
the highest force required to separate the tip from the bonded surface, and the pull-
off stress was calculated by dividing the measured pull-off force by the nominal
contact area. The work of adhesion measures the energy required to separate the tip
and sample surface, calculated by the integration of the area under the load-depth
curve. Table 7.1 and Figure 7.8 represent the experimental results of the pull-off
test conducted on PDMS samples. Among all tested samples, TMAPMS-PDMS
exhibited the highest pull-off stress of 0.1 MPa and work of adhesion of 373.4 pJ.
The results reveal a strong correlation between the material’s adhesion property and
triboelectric output, where a high work of adhesion enhances bond cleavage and
material transfer during the contact-separation process, thereby facilitating greater
charge transfer. The exception of VTMS-PDMS is attributed to the functional group
effect compared to pristine PDMS. Through mechanical properties analysis, it was
identified that the functionalisation process also modifies the surface mechanical
properties of PDMS, further contributing to enhanced triboelectric output. The
contributions of material transfer and electron transfer mechanisms in contact
electrification of functionalised PDMS were discussed in detail in Paper I'V (Section

3.3).
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Figure 7.7. An example of load-depth curve obtained by a pull-off test. dcontact 1S
the depth of indentation at the jump-to-contact point, and dpuiofr is the indentation
depth at the maximum adhesive force. For each sample, a total of 12 tests were
performed on a 5 x 5 mm? sample area.

Table 7.1. Comparison of the pull-off force, work of adhesion, peak voltage, and
peak power density of pristine and surface functionalised PDMS samples.

Sample Pull-off stress Work of Peak Peak power

[MPa] adhesion [pJ] | voltage density

[V] [mMW/m?]

APTES-PDMS | 0.0618 + 0.004 129.2 £9.6 25.4 3.90
VTMS-PDMS | 0.0805+0.0024 | 229.0+4.9 31.7 25.87
PDMS 0.0787 £0.0027 | 2254+4.4 136.1 198.02
TMSPMA- 0.1072+0.0026 | 373.4+11.3 | 198.7 393.22
PDMS
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Figure 7.8. Load-depth curves of the PDMS samples obtained from the pull-off
surface adhesion tests, for the (a) pristine PDMS, (b) APTES-PDMS, (c) VIMS-
PDMS, and (d) TMAPMS-PDMS samples, respectively. Each sample was tested at
12 distinctive positions.

In conclusion, this study demonstrates that surface functionalisation of
PDMS with SAMs significantly affects the triboelectric properties of the same
starting material, as shown by marked differences observed in the electrical
performance, mechanical adhesion, and interfacial charge transfer. Functional
groups such as methacrylate and vinyl enhance tribo-negativity and significantly
boost the triboelectric output, while the amine groups degrade performance due to
their electron-donating nature. These findings underscore the importance of surface

modifications in optimising TENG performance and provide a comprehensive
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understanding of the interfacial phenomena governing charge transfer. To further
elucidate these effects, advanced nanoanalytical techniques, including nano-FTIR,
KPFM, and mechanical studies, were employed to investigate both electron transfer
and material transfer mechanisms between functionalised PDMS and an ITO
counter electrode. This analysis offers valuable insights for the future design and

development of high-performance triboelectric materials.
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Polydimethylsiloxane (PDMS) is one of the most widely used materials in triboelectric nanogenerators
(TENGs) due to its remarkable flexibility and robustness, yet its triboelectric output often limits practical
applications. In this study, we present a method for tuning the triboelectric properties of PDMS through
surface functionalization using self-assembled monolayers of siloxane-based molecules. Our results
demonstrate that the functionalized PDMS films exhibit distinct charge donating or withdrawing
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1. Introduction

Triboelectric nanogenerators (TENGs) are an emerging technology
that converts mechanical energy into electrical energy based on
contact triboelectrification and electrostatic induction. With its
great advantages of scalability, simple fabrication, and flexibility,
extensive research has been conducted towards commercial
applications.” Polydimethylsiloxane (PDMS), a silicone polymer
with excellent mechanical resilience and electron-withdrawing
ability, has become one of the most widely used polymer materials
in research pertaining to TENG devices.” As a soft elastomer
material, PDMS exhibits several advantages during TENG device
manufacturing, including ease of processing, low cost, good
transparency, and potential for surface functionalization.®”
Various applications of PDMS-based TENGs have been developed
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data. Schematic diagrams of experimental setups and device working mechan-

isms. See DOLI: https://doi.org/10.1039/d4tc05325g

7654 | J Mater. Chem. C, 2025, 13, 7654-7663

optimizing TENG efficiency through targeted surface functionalization strategies.

in biomechanical energy harvesting,®” vital sign monitoring,°
robotic sensors,'”"" and Internet of Things (IoT)."> However, the
energy conversion efficiency of the prepared TENG devices is still
limiting real-world applications. For example, a PDMS film gen-
erates a triboelectric output of 232 V and 6 pA while contacting
with a copper electrode, as reported by Xu et al.* To overcome the
current bottleneck in the triboelectric output of TENG devices,
many approaches have been made to improve the triboelectric
performance of PDMS-based TENG devices including ion
injection,"*'* surface micro-patterning design,">'® and incorpor-
ating high dielectric constant fillers."”*® For example, by the
combination of using ion injection through an antistatic gun
and surface microstructure using cilia, Seo et al significantly
improved the triboelectric performance of a single electrode
PDMS-based TENG."® In 2017, Rasel and Park fabricated micro-
structured PDMS using sandpaper to enlarge the contact area
during triboelectrification, producing a peak-to-peak open-circuit
voltage of up to 103 V against human skin."® Moreover, Shi et al.
modulated a PDMS-TENG by incorporating BaTiO; and Ag nano-
particles, and improved the dielectric constant and the charge-
trapping ability of the nanocomposites, yielding a maximum
output voltage and current of 88 V and 8.3 pA.>° While these
approaches contribute to performance improvements, a compre-
hensive understanding of the underlying charge transfer

This journal is © The Royal Society of Chemistry 2025
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mechanism in PDMS remains elusive. The triboelectrification
process involves complex surface interactions between materials,
and the basic origin of the charge transfer is still being debated.
The three proposed theories, including electron transfer, ion
transfer, and material transfer, have been observed with experi-
mental and computational studies under various cases,” > but a
need for more refined characterization techniques is becoming
evident to study these mechanisms.

Herein, we report a method to functionalize the PDMS
surface with various siloxane groups to examine the effect of
surface functionalization on the triboelectric output perfor-
mance. Our previous findings have proven the improved charge
generation properties by altering the combination of function-
alized surfaces under a dielectric-to-dielectric system.”® In this
research, we investigated the actual performance of a TENG
device under a dielectric-to-metal condition by measuring the
open-circuit voltage and short-circuit current output. The neat
PDMS materials are prepared and then functionalized with three
different types of self-assembled monolayers (SAM) with differ-
ent electron-donating/withdrawing behaviour. Our results indi-
cate that the triboelectric properties of PDMS can be tuned
through surface functionalization. Moreover, using nanospectro-
scopy techniques, we observed variations in the work function of
functionalized PDMS surfaces and evidence of bond cleavage
and charged material transfer to the ITO surface, elucidating the
underlying charge transfer mechanisms. The functionalization
approach and discussion of mechanisms introduced in this
study aimed to link nanoscale characterizations with fundamen-
tal triboelectric principles, providing guidelines to advance
TENG design for higher output performance.

2. Methods
2.1 Fabrication of functionalized PDMS

Polydimethylsiloxane (PDMS) elastomer and curing agent was
obtained from Dow Corning (Sylgard 184). The PDMS samples
were prepared by mixing the precursor and curing agent at a
mass ratio of 10: 1. The resulting mixture was poured onto an
ITO-coated glass substrate and spun at 2500 rpm for 10 seconds.
After curing the PDMS samples at 80 °C for 3 h, the obtained
PDMS samples were cut into squares, each with an area of 2.5 x
2.5 cm” and a thickness of 100 um. The PDMS samples were
then plasma treated by oxygen to attach hydroxyl groups on
the surface. Three different types of functionalized groups, (3-
aminopropyl)triethoxysilane (APTES), 3-(trimethoxysilyl)propyl
methacrylate (TMSPMA) and vinyltrimethoxysilane (VIMS),
were dissolved in ethanol respectively at a concentration of
20 g L', The prepared PDMS was immersed in the prepared
solutions for 1 h and dried in ambient air for 30 min to yield
functionalized PDMS.

2.2 Electrical performance measurements

The triboelectric output of the as-prepared functionalized
PDMS was measured under contact-separation mode. A perma-
nent electromagnetic shaker (Briiel & Kjeer LDS V201) powered

This journal is © The Royal Society of Chemistry 2025
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by a voltage-amplified arbitrary function generator (GW Instek
AFG-2105) was used to generate the periodic contact-separation
motion. The ITO-contacted PDMS was then coupled with another
ITO surface as the counter electrode. The TENGs were contacted
for 30 minutes to reach stability. The standard electrical output
was tested under impact driven by a 2 Hz square wave at a
separation distance of 4 mm. The average speed of the moving
electrode during contact-separation was 0.4 m s *. The contact
force was monitored by a load cell (RS PRO) connected to the
sample holder. The instantaneous force at contact was main-
tained at 50 N by the controlled separation gap and shaker driving
voltage. The voltage output of the samples was measured using a
digital oscilloscope (PicoScope 5444B) equipped with a 100 MQ
high voltage probe (Rigol RP1300H). The current output was
measured by an electrometer (Keithley 6514).

2.3 Material characterizations

A scanning electron microscope (SEM) was used to reveal the
surface morphology of the prepared materials. The Fourier-
transform infrared spectra (FTIR) were recorded by a Nicolet
iS10 FTIR spectrometer equipped with an attenuated total reflec-
tance (ATR) module. The atomic force microscopic (AFM) surface
height topography and the nano-FTIR spectra via infrared nanos-
pectroscopy were determined through a scattering-type scanning
near-field optical microscope (Neaspec s-SNOM).”” The nano-FTIR
spectra were taken at 20 nm resolution, combining the spectra of
two laser sources with ranges from 700 to 1400 cm™ ' and 1000
to 1600 cm™'. An average of 11 individual interferograms were
recorded for each spectrum with a spectral resolution of 12 cm ™"
and an integration time of 10.2 ms. The far-IR spectra (spectral
range 150-650 cm™ ") were recorded at the multimode IR imaging
and microspectroscopy (MIRIAM) Beamline B22 at the Diamond
Light Source synchrotron. A Bruker Vertex 80v FTIR spectrometer
equipped with an ATR accessory (Bruker Optics) was used to
perform the measurement. The detector was equipped with a
liquid helium cooled Si-Bolometer. Post-measurement, the
obtained data was processed using the OPUS 7.2 software. The
Kelvin-probe force microscopy (KPFM) data were recorded using
an Asylum Research Cypher ES with an ASYELEC-01-R2 conduc-
tive tip under SKPM mode. The scan area was set to 1 um x 1 pm,
with a scan resolution of 128 x 128 pixels and a scan rate of
2.44 Hz to minimize drift. The KPFM results were processed using
Gwyddion software,”® where the color scale and range were
adjusted, and the average surface potential was calculated. The
pull-off test was conducted in a nanoindenter (iMicro KLA
Tencor). The test employed a cylindrical flat punch with a
nominal diameter of 52 pm. Initially, the flat punch was lifted
2 um above the sample surface. Then, the tip approached the
surface at a speed of 100 nm s, with surface detection facilitated
by monitoring the phase signal. After contact, the punch applied a
load at a rate of 0.01 mN s~ " until reaching a maximum load of
0.1 mN. The tip was held at this peak load for 2 seconds. Then the
tip was unloaded at the same rate and retracted 5 pm from the
surface. The pull-off stress was calculated by dividing the measured
pull-off force by the nominal contact area. The work of adhesion
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was calculated by integrating the area under the load-depth curve. A
total of 12 tests were performed on a 5 x 5 mm? sample area.

2.4 Density functional theory (DFT) calculations

DFT calculations were performed to investigate the electronic
properties of SAM molecules for surface functionalization. The
molecular structures were first geometrically optimized utilizing
the B3LYP functional combined with the 6-31G basis set®>*° using
Gaussian 09.>! The electrostatic potential maps were then gener-
ated to visualize the charge distribution across the molecules.

3. Results
3.1 Materials

Fig. 1 outlines the sample preparation stages in the surface
functionalization of PDMS. The pristine PDMS samples are first
prepared by spin coating on ITO-coated glass followed by 3 hours
of curing. The samples are then plasma treated and immersed in
several siloxane-based molecules to attach certain functional
groups on the PDMS surface. The surface-functionalized PDMS
films show similar surface topography AFM, as shown in Fig. S1
(ESIt), with all functionalized PDMS showing surface roughness
less than 1.2 nm, confirming the flatness of PDMS during
contact. Fig. 2 shows the schematics of organic molecules that
can be covalently linked to the PDMS backbone, including
APTES, VIMS, and TMSPMA. Despite their structural similarity,
these molecules were selected for their distinct functional prop-
erties. The relative electronic characteristics of these molecules
are confirmed through ab initio density functional theory (DFT)
calculations, where their electrostatic potential distributions are
shown in Fig. 2. The siloxane groups in these molecules facilitate
bonding with the PDMS backbone, while the distinctive parts of
each molecule offer unique electronic properties to the overall
structure leading to different chemical polarities. In general, the

Spin-coated PDMS Plasma treatment

Ambient dry Immerse in ethanol-

based solutions

Fig. 1 Schematic of sample preparation steps for the surface functiona-
lized PDMS.
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aminopropyl group in APTES offers a strong electron-donating
property through the amine group within the molecule, whereas
VIMS has a vinyl group that is relatively neutral due to the
localized electron density around the C—=C bond. On the other
hand, the methacrylate bond in TMSPMA possesses a strong
electron-withdrawing property resulting from the electronegative
oxygen atoms in the carbonyl and ester groups, showing the
most negative electrostatic potential.**

The successful surface functionalization of PDMS with various
functional groups has been confirmed through ATR-FTIR spectro-
scopy. Fig. 3a displays the mid-infrared absorption bands for the
different PDMS samples. All PDMS samples show characteristic
vibrational bands, including CH; rocking mode at 789 cm ™", Si-O-
Si stretching mode at 1000-1100 cm™*, and Si-C stretching mode
at 1257 ecm %> In addition, the APTES functionalized PDMS
shows additional bands at 1561 and 1484 cm ', representing
the N-H bending modes. The TMSPMA-PDMS also shows the
C=O0 stretching mode at 1721 cm™". The VIMS-PDMS displays
less apparent changes in spectra, with a slight signal at 1722 cm™*
for C—=C stretching, as shown in Fig. S2 (ESIf). The nano-FTIR
spectra were also taken to confirm the obtained FTIR results, as
displayed in Fig. 3b. The near-field result is well-aligned with ATR-
FTIR findings from bulk samples. In the far-IR region as shown in
Fig. S3 (ESIY), all functionalized PDMS exhibit similar Terahertz
absorption bands, with a dominant peak observed at around
400 cm ™' (~12 THz) for the Si-O-Si backbone bending and
285 cm~ ' (~8.5 THz) for Si-C stretching.

3.2 Electrical performance

The triboelectric outputs of the prepared PDMS samples were
examined by cyclic contact-separation motion against an ITO
surface, acting as the counter tribo-positive material. The
experimental setup for the measurement is shown in Fig. S4
(ESIT). The maximum force at contact was maintained at 50 N
for all measurements, monitored by a load cell, as shown in
Fig. S5 (ESIT). Regarding the open-circuit voltage output, the
standard PDMS material reaches a maximum voltage of 136 V
and peak-to-peak voltage of 196 V, as shown in Fig. 4a. In
contrast, APTES-PDMS and VIMS-PDMS both show reduced
voltage output, with peak-to-peak voltages of only 34% that of
the neat PDMS. On the other hand, TMSPMA-PDMS, functio-
nalized with a more electronegative functional group, demon-
strates a 1.42 times improvement in maximum voltage and 2.25
times improvement in maximum current, showing the highest
voltage and current output of 189 £+ 6 V and 6.75 £ 0.26 A,
derived from 40 contact-separation cycles. Although APTES-
PDMS and VIMS-PDMS show similar voltage output in value,
their output profile differs significantly. When looking at a
single spike of electric signal generated during contact and
separation in Fig. 4b, all PDMS materials, except for APTES-
PDMS, show a positive voltage during contact followed by a
negative voltage during separation. Typically, PDMS material is
considered an excellent tribo-negative material, which means
that it withdraws and holds negative charges on its surface in a
triboelectric pair. While the PDMS and ITO surfaces are in
contact, the surface of PDMS gets negatively charged by taking

This journal is © The Royal Society of Chemistry 2025
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away the free electrons on the conductive ITO surface. However,
an inverted phenomenon was observed for the case of APTES-
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PDMS, under the premise that the electrical connections
during data collection are the same for all samples, indicating
that the APTES-PDMS has become a more tribo-positive material
relative to ITO. The APTES-PDMS donates electrons to ITO
during contact, resulting in the reversed voltage profile exhibited
in Fig. 4b. The strong electron-donating effect of the amine
group in APTES resulted in changes in the original surface
properties of PDMS. Although VIMS-PDMS also reduces the
triboelectric output due to the neutral surface alkene groups, the
reduction does not alter its relative position in the triboelectric
series compared to ITO.

A similar trend is observed in the closed-circuit current output
as shown in Fig. 4c. APTES-PDMS shows the lowest current
output, followed by VIMS-PDMS, neat PDMS, and TMSPMA-
PDMS. Although APTES-PDMS and VIMS-PDMS have similar
voltage output, the current for APTES-PDMS is much lower. While
the output voltage reflects the potential difference between the
contacting materials, the measured current compensates the
induced charges on the electrodes. As ITO is a conductive material
abundant with free charge carriers, it has limited ability to hold or
transfer more electrons from the APTES-PDMS side, resulting in
the low current output of APTES-PDMS. When examining the
individual signal peaks in Fig. 4d, APTES-PDMS has the only
reversed output peak shape compared to other membranes,
confirming our findings in voltage measurements. It is widely
accepted that the surface property of a material plays a vital role
in its triboelectric performance. While modifying the material
surface with various functional groups, the work function of the
material compared to the electrode is altered, leading to different
charge transfer phenomena. These triboelectric performance
results align with our DFT predictions, as shown in Fig. 1c,
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ITO electrode in this study. (f) Peak power densities of different PDMS-based TENGs over a range of load resistances. (g) Voltage profile across a 0.1 pF

capacitor while charging by different PDMS-based TENGs.

highlighting the role of surface functionalization in tuning charge
transfer characteristics. Summarizing the relative electron-
donating and withdrawing propensities of PDMS materials during
contact, a triboelectric series can be established for materials
studied in this work, as shown in Fig. 4e. Among these, APTES-
PDMS is the only material that exhibits stronger electron-donating
behaviour compared to conductive ITO, placing it as the most
tribo-positive material in the series. On the other hand, through
functionalization, TMSPMA-PDMS with enhanced withdrawing
ability ranks furthest to the right within the series.

The peak power density of the prepared materials was
measured and calculated by connecting the TENG devices to
loads with varying resistances. The closed-circuit voltage was
measured across the resistors, and the peak power density was
calculated using Pq = V?*/(RA). As summarized in Fig. 4f, the
TMSPMA-modified PDMS exhibits the highest power density of

7658 | J Mater. Chem. C, 2025,13, 7654-7663

393 mW m™ %, which has doubled the power output of the neat
PDMS attributed to the higher voltage and current output of the
former, whereas APTES-PDMS shows the lowest power output.
It is worth noticing that all these materials show their highest
power density at around 3 MQ, except for APTES-PDMS, which
peaks at 10 MQ. This optimum resistance at the highest power
density denotes the internal resistance of the device.** The high
internal impedance of the APTES-PDMS device can be
explained by the high electron transfer resistance between the
surfaces of two tribo-positive materials. Individual measure-
ments of voltage-resistance relationships for functionalized
PDMS are shown in Fig. S6 (ESIf). The alternating charge
transferred during contact-separation can be rectified into
direct current and harvested by capacitors for real-world appli-
cations. Fig. S7 (ESIT) shows the charging curves for capacitors
ranging from 0.1, 0.47, 1, and 10 uF capacitances. Comparing

This journal is © The Royal Society of Chemistry 2025
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the charging rates for a 0.1 pF capacitor, we found that
TMSPMA-PDMS achieved the fastest charging speed, reaching
a voltage of 7.3 V in 50 s, as shown in Fig. 4g.

3.3 Charge transfer mechanism

The charge transfer mechanism of the prepared PDMS-based
TENGs is revealed and discussed based on results from
various nano-scale characterization techniques. Among the
three charge transfer mechanisms, the ion transfer model
explains charge transfer by the formation of a water layer on
the surface. This model normally applies to ionic and hydro-
philic polymers. However, in our case, PDMS has high hydro-
phobicity where the water layer and amount of charge transfer
through ions can be neglected since surface ionization reaction
is unlikely to happen between the hydrophobic solid surfaces.?”
We therefore mainly elucidate the role of electron transfer and
mass transfer mechanisms during the mechanical interaction
between functionalized PDMS and ITO surfaces.

From the electron transfer perspective, electrons are trans-
ferred from a material with lower work function to higher, and
the amount of charge transfer is proportional to the difference
in the work function of the two materials. In this study, the
work function of functionalized PDMS (@gampie) Was indirectly
measured by KPFM through the measurement of contact
potential difference (Vcpp):

¢sample = ¢tip - e'VCPD (1)

where @y, is the work function of the KPFM probe tip and e is
the charge amount carried by an electron. According to eqn (1),
a higher measured contact potential difference corresponds to
a lower surface work function. To measure the contact potential
difference of PDMS samples, pristine polymers were cut into
squares of 5 mm x 5 mm and stabilized for two days after
sample preparation to ensure no accumulated charge on the
surface. Fig. 5a demonstrates the average Vcpp values and
surface potential distribution maps of functionalized PDMS
samples measured under stabilized conditions. The functiona-
lized PDMS samples exhibited a relatively homogeneous surface
potential, with APTES-PDMS showing the highest Vcpp and,

a)
APTES-PDMS VTMS-PDMS
0.57V 0.36V
0.700 vV
0.400
TMSPMA-PDMS 0.200
-0.06 V
-0.200

Fig. 5

Ermspma
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therefore, the lowest work function, while TMSPMA-PDMS
showed the lowest Vepp and highest work function, consistent
with the trend in previously summarized triboelectric series
in Fig. 4e. The work function of a material is the minimum
thermodynamic energy required to remove an electron from a
solid to a point just outside the solid surface.*® Electrons are
transferred from the material with a lower work function to
higher in order to maintain Fermi level balance, resulting in the
material with lower work function being positively charged after
contact.’” This behaviour is illustrated in the surface state model
to explain the electron transfer phenomenon as proposed in
Fig. 5b. Here, the energy levels of functionalized PDMS are
ranked according to the measured Vcpp values in comparison
to the counter material ITO. While the APTES-PDMS has the
lowest work function, its Fermi level exceeds the energy level of
ITO, thereby transferring electrons during contact. Conversely,
when the PDMS surface is functionalized with TMSPMA, the
work function increases, resulting in a lower Fermi level. As a
result, this increases the energy gap between TMSPMA-PDMS
and the ITO electrode, compared to neat PDMS, thereby driving
more electrons to hop from the ITO surface to TMSPMA-PDMS
and enhancing charge generation within a TENG device.

On the other hand, evidence of material transfer has been
observed via nano-FTIR analysis and KPFM scans. The mass
transfer or material transfer model proposes that the charge
transfer between two materials is due to the transfer of small
fragment materials that carry a certain amount of charge that
adhere to another surface during contact. As a soft polymer
material with relatively low Young’s modulus and high surface
adhesion, PDMS is more likely to transfer materials during
contact from the high contact area and higher density of van
der Waals intermolecular bonds.*® To examine the mass transfer
between the PDMS film and ITO electrode, pristine materials
were clamped together using spring clamps under 6.9 N to
ensure conformal surface contact and eliminate potential con-
tamination effects. Then the materials were separated and
evaluated under AFM integrated nano-FTIR spectroscopy at a
20-nm spatial resolution.”” The surface topography of the con-
tacted ITO surface from AFM shows increased surface roughness

(a) KPFM surface potential maps and average Vcpp values of different functionalized PDMS after stabilization. (b) Schematic diagram of the contact

electrification mechanism elucidated by the electron transfer between PDMS and ITO due to different work functions. E,,c, vacuum level; Ey, Fermi level
of the functionalized PDMS; ¢p, work function of functionalized PDMS; ¢ o, work function of the ITO electrode. The relative position of PDMS samples in
the energy diagram is determined by the measured Vcpp values, where Ex = Eyoc — (drip — €-Vepp_x)-

This journal is © The Royal Society of Chemistry 2025
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linescan spectra corresponding to the points marked on the AFM image.

with particles of different sizes. Fig. 6a shows the observation of
several nano-sized particles on the ITO surface. By scanning the
nano-FTIR spectra across the particles, characteristic peaks at
1265 cm™ ' and 1091 cm ™' representing Si-C stretching and Si-
O-Si stretching were observed on the particles, which confirmed
the presence of PDMS. The IR absorption peaks are only
observable near the particles, but not on the smooth ITO surface,

a) 60 min

67 min

74 min

Height

Potential

(a) AFM topography and (b) near-field IR absorption image of nanoscale PDMS residues detected on the ITO surface after contact. (c) Nano-FTIR

demonstrating the transfer of PDMS residues during contact.
In addition to nano-sized PDMS particles, larger transferred
fragments, up to 10 um, are also observed, as shown in Fig. S8
(ESIt). In this case, the absorption peaks are detectable even far
away from the particles, indicating a layer of PDMS being
transferred to the ITO surface, not only of the large particles
but also with cleavage of bonds. The same observation is found
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(a) AFM height topography and KPFM surface potential of a PDMS residue on the ITO surface after contact. (b) 3D maps of the height profile

topography with the KPFM surface potential superimposed with corresponding colour scales of PDMS contacted ITO surface. (c) Surface potential profile

across the PDMS residue on the ITO surface at different times after contact.
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for TMSPMA-PDMS, as shown in Fig. S9 (ESI{). Comparing the
relative peak intensity of 1265 cm™ " and 1091 cm ™", the Si-O-Si
peak shows a lower peak intensity at the ITO surface, compared
with bulk TMSPMA-PDMS. This could be an indication of Si-O
bond breaking due to physical contact, where the chemical bond
breakage on the backbone of functionalized PDMS leads to the
transfer of small material fragments across the contact interface.”
These fragments carry charges due to chemical bond breaking,
resulting in the transfer of charges when they come into contact
with the counter material.

The KPFM results further support the material transfer
mechanism. In Fig. 7a, we detected rounded PDMS residue on
the ITO surface immediately after contact, showing a signifi-
cantly more negative surface potential than the pristine ITO
surface. The 3D topography and potential distribution of PDMS
residues revealed sizes from 2 pm down to the nanoscale, as
shown in Fig. 7b. The surface charge of ITO initially after contact
shows a highly positive value due to the withdrawal of electrons
from the conductive surface, then gradually drops as it stabilizes
and discharges under ambient conditions. However, it can be
observed that the PDMS residue retains a much lower surface
potential compared to the ITO surface, as shown in Fig. 7c,
indicating that these charged tribo-negative counterpart frag-
ments transferred to the surface may contribute importantly to
charge transfer during contact. In addition to the observed
transferred polymer fragments on the electrode surface, further
experiments have revealed the correlation between the surface
adhesion properties and triboelectric output of the materials, as
shown in Fig. 8. Detailed experimental methods and results are
presented in Fig. $10 and S11 (ESIt). TMSPMA-PDMS shows the
highest pull-off stress and work of adhesion of 0.11 MPa and
374.4 pJ, respectively, relative to the other functionalized PDMS,
indicating a more adhesive surface and thus a higher accelera-
tion during separation. The high pull-off stress and work of
adhesion promote more bond cleavage, leading to more material
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Fig. 8 Comparison of the pull-off stress and work of adhesion for the
pristine and functionalized PDMS samples. Work of adhesion values were
obtained using a cylindrical flat punch with a nominal diameter of 52 um.
Mean and standard deviation values were derived from 12 measurements
shown in Fig. S11 (ESI).

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry C

and charge transfer. The functionalization of PDMS alters the
surface mechanical properties, further contributing to improved
charge transfer efficiency. Together, these observations highlight
the critical role of surface adhesion and material transfer in
optimizing the triboelectric performance.

4. Conclusion

In summary, we introduced a surface functionalization method
to tune the surface triboelectric properties of PDMS by self-
assembled monolayers of APTES, VIMS and TMSPMA. The
functionalized PDMS shows different relative positions on the
triboelectric series due to the introduction of surface chemical
bonds, validated through molecular simulations and experi-
mental characterizations. The TMSPMA functionalized PDMS
shows the highest voltage and current output of 189 + 6 V and
6.75 £ 0.26 pA, increasing the peak power output density by
2 times compared with the neat PDMS. Moreover, advanced
nanoanalytical techniques, including nano-FTIR and KPFM, were
employed to investigate the charge transfer mechanisms between
the functionalized PDMS and an ITO counter electrode. Our
findings indicate that the surface functionalization approach
varies the surface work function of PDMS, potentially serving as
the driving force for the charge transfer against the ITO electrode.
In addition, evidence of material transfer at the nanoscale is
observed through surface topographical changes and chemical
composition variations, which also significantly contributes to
charge transfer. Future studies can leverage these insights in
studying the mechanisms under polymer/metal contact electrifica-
tion and improving the triboelectric performance through strategic
surface modification strategies.
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Conclusions and Outlook

This thesis presents the design, development, and optimisation of several
TENG systems. Various engineering approaches have been proposed to improve
the electrical performance of TENG devices. The research in this thesis focuses on
exploring the effects of MOFs with different topologies and ligand functional
groups on triboelectric output, as well as investigating both contact-separation
mode and noncontact freestanding mode for broader commercial applications.
Additionally, the surface functionalisation on conventional polymers was examined
to gain insights into the underlying charge transfer mechanisms. The findings
contribute to the advancement of design strategies on MOF-based TENG devices
and facilitate the exploration of novel applications in energy harvesting and self-

powered systems.

In the broader context of triboelectric nanogenerators, a variety of fillers,
such as carbon-based nanomaterials (e.g., graphene, carbon nanotubes), metal
oxides (e.g., tin oxide, zinc oxide), and conductive polymers, have been widely

investigated to enhance output performance. These materials typically function by
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improving dielectric constant, flexibility, or surface roughness. In comparison,
MOFs offer several unique advantages: their highly tuneable structures, high
surface area, and diverse chemical and electrical properties, allow for rational
design of triboelectric properties at the molecular level. Additional processibility of
MOFs, such as functionalisation, guest-host interactions, and post-synthetic
modification, make them especially attractive for multi-functional and adaptive
TENG systems. While the performance of MOF-based TENGs is generally
comparable to conventional fillers, their versatility and customisability provide
significant potential for application-specific optimisation. These advantages
position MOFs as a promising platform for the design of next-generation energy

harvesting devices.

The main conclusions from each chapter presented in this thesis are

summarised as follows.
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8.1

Chapter 4

This chapter presents findings from Paper I, Nano Energy, 114, 108687

(2023), which included:

Zeolitic MOFs with RHO (ZIF-71) and LCS (ZIF-72) topologies were
employed as fillers in PDMS matrices to prepare resilient contact-separation
mode TENG devices. ZIF-71 and ZIF-72 exhibited identical chemical
composition but drastically different structural morphology, porosity, and
dielectric properties owing to their different topologies synthesised under
different reaction conditions.

Triboelectric performance testing revealed that ZIF-72-based TENG
generates the highest electrical output of 578 £ 11 V and 19 £ 0.5 pA, with
a peak power density of 5 Wm™ ranking among the highest reported for
MOF-based TENGs. Furthermore, the device exhibited excellent durability,
maintaining stable performance over 50,000 cycles. The improved
performance was attributed to the structural robustness of the nonporous
framework structure and improved dielectric properties.

The mechanism of improved triboelectric performance in ZIF-72-based
TENG was revealed through nanoscale-resolved mechanical and chemical
studies. Nano-FTIR identified surface chemical heterogeneity as nanoscale
charge-generating sites, while mechanical characterisation via TFM
detected surface adhesion force enhancement due to MOF filler
incorporation. This study provided the first insight into how topological

modifications on MOF can influence triboelectric performance.
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8.2

Chapter 5

This chapter comprised findings from Paper II, ACS Applied Nano

Materials, 8, 8, 3942—-3953 (2025), which included:

Zeolitic MOFs ZIF-8 were functionalised with halogen groups (-CHs, -Br,
-Cl) via solvothermal methods, yielding the same SOD topology. The
functionalised MOFs were then incorporated into electrospun PVDF fibres
to fabricate composite materials.

ZIF-8-CI/PVDF-based TENG exhibited the highest triboelectric
performance, with an average voltage of 312.4 + 2.0 V and current of 4.90
+ 0.07 pA, followed by ZIF-8-Br/PVDEF, ZIF-8-CH3/PVDF and pristine
PVDF. Theoretical DFT calculations revealed that halogenation of MOF
ligand enhances the electron-withdrawing effects, leading to increased
charge transfer efficiency.

Through nanoscale surface potential characterisation, specifically by KPFM,
it was observed that ZIF-8-Cl exhibited the highest work function of 6.8 eV,
creating a greater energy gap with the electrode, thus facilitating efficient
charge generation during triboelectrification. The correlation between
triboelectric output and ligand electronegativity establishes a design
principle for tuning MOF-based TENGs, guiding future material

optimisation for energy harvesting applications.
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8.3 Chapter 6
This chapter comprised findings from Paper III, to be published, which
included:

A noncontact rotational TENG was designed incorporating fluorinated
MOFs (ZIF-8-CF3) within a PVDF matrix. The device operates at high
rotational speeds with enhanced stability and durability, while mitigating
mechanical wear issues typically observed in contact-mode TENGs. The
rational design of the TENG facilitates continuous energy harvesting with
minimal wear, making it a promising approach for long-term applications.
The incorporation of ZIF-8-CF3 nanofillers significantly improves the
triboelectric output, achieving a peak voltage of 280 + 8 V and a current
output of 19 £ 0.4 pA. The superior performance is attributed to the strong
electron-trapping capability of fluorine-rich microporous structure and the
formation of stable charge-trapping sites in the polymer matrix, further
substantiated by DFT calculations of the electrostatic potential distribution
and HOCO-LUCO energy level analysis.

The generated electrical output was successfully harvested and stored in
capacitors through a rectifier circuit, demonstrating its potential for
powering small electronic devices such as LEDs and calculators. This work
broadens the application scope of MOF-based TENGs for self-powered

sensors and rotational energy harvesting systems.
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8.4

Chapter 7

This chapter comprised findings from Paper 1V, Journal of Materials

Chemistry C (2025), which included:

The surface functionalisation approach was applied on PDMS material via
using SAMs of siloxane-based molecules (APTES, VIMS, and TMSPMA)
to systematically tune triboelectric properties. The functionalised PDMS
films exhibit distinct electron-donating and electron-withdrawing behaviour,
as confirmed by molecular simulations and electrical performance analysis.
TMSPMA-functionalised PDMS achieved a 1.9-fold increase in peak
power density output compared to the unmodified PDMS, while the highly
electron-donating ATPES-PDMS shifted its relative position on triboelectric
series, leading to significantly reduced power output.

The charge transfer mechanism during the contact-separation operation of
functionalised PDMS-based TENG was discussed from both electron
transfer and material transfer perspectives. The amount of charge transfer is
significantly influenced by the work function difference between
functionalised PDMS and ITO, as verified by KPFM surface potential
analysis. On the other hand, nano-FTIR, KPFM, and mechanical studies
provided direct evidence of material transfer, suggesting that bond cleavage
and surface adhesion properties are critical to the overall charge transfer

process.
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8.5

Outlook

The approaches presented in this thesis summarise the necessary material

properties for MOF-based TENG designs, with mechanisms explored through

multimodal characterisation techniques bridging the different length scales. These

findings open new avenues for further research in this field. Following research can

be conducted to deepen the understanding of the role of MOF in TENG and

contribute to innovative applications of MOF-based TENG.

This thesis has studied the effect of MOF topology and ligand functional
group on TENG output. The study can be expanded to examine other key
factors during MOF-based TENG, such as the effects of metal ions,
coordination environments, and electronic structures, on charge transfer
dynamics. A comprehensive structure-activity relationship can be developed
by integrating these insights with existing literature.

While this thesis primarily focuses on MOF composites for improved
structural robustness and flexibility of prepared TENG devices, there is a
significant opportunity to develop reliable fabrication methods for MOF
thin film fabrication. Approaches such as electrodeposition and ink-jet
printing have potential to yield physically stable and controllable MOF
films for TENG applications in future studies.

The nanoporosity of MOF creates an opportunity for guest@MOF system
design where guest molecules with appropriate size can be encapsulated into
the MOF cages [210]. The confinement of guest molecules within the MOF

pores has been demonstrated to enhance unique properties of the system,
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therefore adapted to designated applications such as organic compound
capturing and sensing, luminescence, and catalysis. Preliminary work has
been done with introduction of polar molecules into MOF pores to enhance
the dielectric properties of MOF. The presence of these high-dielectric
guests within the crystalline structure increases the overall polarizability of
the system, leading to higher triboelectric performance.

e The unique capabilities of MOFs — such as gas absorption, drug delivery,
catalysis, and gas sensing — can be leveraged to engineer a broader range
of applications beyond traditional energy harvesters. Future studies should
focus on integrating MOF-based TENGs into multifunctional sensors and
actuators, to fully exploit their potential in emerging technologies such as

healthcare and soft robotics.
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