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Enhancing the output performance of triboelectric nanogenerators (TENGs) can be effectively achieved by

designing materials as active fillers into the polymer with high triboelectric properties. Recently, exploration

of metal–organic framework (MOF) based TENGs has attracted attention due to their triboelectrification

properties and charge trapping ability. Here in this work, we have synthesized a Cd-MOF, which acts as

a filler, prepared by employing 2-aminoterephthalic acid (2-ATA) and conjugated nitrogen-containing

4,4′-azopyridine (AzPy) ligands which help to improve the output performance of the TENG device. The

new Cd-MOF was characterized by microscopic analysis and authenticated by single-crystal X-ray

diffraction (SC-XRD) studies. Furthermore, the MOF was incorporated with polydimethylsiloxane (PDMS)

to construct MOF/PDMS film and utilized for the TENG study. The trapping ability was analyzed through

KPFM studies. The MOF-TENG generated a maximum output power density of 0.124 W m−2. The MOF-

TENG device was attached to the fingers of a glove and used to control the mouse movement in

a computer via finger movements. This strategy provides a new avenue for the preparation of new

generation fillers for more active electrification and trapping.
Introduction

Due to the intensication of environmental pollution, the
development of sustainable energy sources is of high urgency.
The demand for portable, renewable, and sustainable power
sources has witnessed a tremendous surge due to the quick
development of wearable and exible electronics.1–4 To address
the drawbacks of conventional energy technology and to
promote the development of sustainable energy sources, one of
the advanced solutions is the introduction of a triboelectric
nanogenerator (TENG).5,6 TENGs convert mechanical energy to
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electrical energy via contact electrication and electrostatic
induction, which is primarily inuenced by the material nature.
Some of themechanical energy sources, such as humanmotion,
ocean waves, wind ow, and other mechanical energy sources,
can be used for harvesting.7–10 Contact electrication was
explained with the electron transfer model11 and ion transfer
model.3 TENG has active tribolayers with polymers, metals, and
crystalline materials.12 The various forms of conversion ability
and material choice lead to the TENG being used as physical
sensors,13 chemical sensors,14 in rehabilitation,15 smart sports,16

wearables4 and so on. Even though TENG has potential appli-
cations, it faces some key issues such as output performance,
stability, and charge decay. Charges created at the surface due
to the contact electrication are termed surface charges. The
surface charge decay occurs due to external (physical and
environmental conditions) and internal (ohmic conduction,
charge dri and recombination) phenomena.17 A composite
lm with improved dielectric properties and charge trapping
sites causes an enhancement in the output performance. The
interface between the polymer and ller, trapping sites of the
ller can create the potential to hold the charge. Composite
lms were prepared using llers such as (i) metal oxides (TiO2,18

ZnSnO3
19), (ii) carbon-based materials (graphene20 graphene

oxide21), (iii) edible materials (rice our, wheat our)22 and (iv)
organic materials (CH3NH3PbI3).23 However, these llers
enhanced the output performance due to their intrinsic
J. Mater. Chem. A, 2023, 11, 26531–26542 | 26531
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properties. This leads to the necessity of new generation llers
for more active electrication and trapping.

Figure of merits (FOMs) were constructed using the two
parameters, structural FOM and material FOM, to improve the
performance. The material FOM is based on the surface charge
density, work function, dielectric properties, and charge trap-
ping. Due to that, material FOM leads to a new generation of
tribo materials including 2D materials, ferroelectric materials,
and MOFs/COFs.24–26 MOFs are crystalline materials with highly
ordered structures combining a metal ion or cluster with
organic ligands through coordination bonds. This unique
structure leads to high porosity, high surface area, chemical
reactivity and tunability. Due to their immense properties,
MOFs were used in the elds of gas adsorption, sensors, catal-
ysis and supercapacitors.27 MOFs like F-MOF,28 UiO-66-4F,29

HKUST-1 (ref. 30) and NF-MOF31 were recently reported as ller
materials for the active triboelectrication and charge holding
property. Guo et al. prepared a composite lm using F-MOF and
PDMS.28 It was reported that F-MOF performs two functions
during the electrication, including inducing charges and
causing a trapping effect. Wang et al. prepared a PDMS
composite using UiO-66-4F.29 In this work, uorine modied
groups increases the strong electron withdrawing and trapping
ability. Wen et al. reported a PDMS composite with a MOF ller
(HKUST-1)30 and studied the trapping effect and charge decay
analysis. Chen et al. prepared MOF nanoakes in silk broin
and reported that effective doping of the MOF is benecial for
inducing and trapping triboelectric charges.31

Based on the progress in MOF-based TENG for the enhanced
triboelectrication and charge trapping effect, a newly
Scheme 1 Schematic illustrations for the synthesis of the Cd-metal org

26532 | J. Mater. Chem. A, 2023, 11, 26531–26542
synthesized Cd-MOF was prepared. The MOF-TENG was fabri-
cated with a composite lm using Cd-MOF and poly-
dimethylsiloxane (PDMS). The prepared device generated a high
output of 193.4 V and 0.86 mA, and a maximum power density of
0.124Wm−2 was obtained at a load resistance of 500MU. KPFM
analysis shows that the MOF/PDMS composite has a high
surface charge and undergoes less charge decay. Hence, the
obtained performance is due to the charge trapping effect and
increased surface charge. The high output performance of the
MOF-TENG enabled the charging of commercial capacitors,
powering of LEDs, hygrometers, etc. The mechano-electric
sensing ability of the TENG leads to various smart applica-
tions. Some smart applications are touchpads,32 smart gloves,33

smart helmets,34 respiratory sensors,35 and wireless trans-
mission36 sweat monitoring.37 Future technology is based on an
air mouse or air keyboard without touch. In this work, we
successfully demonstrated an air mouse. The demonstrated
system was constructed using an air mouse glove, interface
circuits, and soware analysis system. The MOF-TENG device
was further used for practical applications like body motion
energy harvesting and exercise monitoring. The number of
repeated exercises and calories burnt were calculated using the
MOF-TENG output characteristics.

Results and discussion

A new Cd-MOF was synthesized via a slow diffusion-based
crystallization method by using AzPy and 2-ATA molecules
and cadmium nitrate tetrahydrate for the metal ion. Further-
more, the synthesized Cd-MOF was conrmed via single-crystal
anic framework.

This journal is © The Royal Society of Chemistry 2023
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analysis as depicted in Scheme 1. Furthermore, the microscopic
and charge properties were conrmed via zeta potential and
dielectric measurement. Aer successful conrmation of the
synthesis, we have utilized Cd-MOF as a ller with a PDMS
matrix to prepare Cd-MOF/PDMS lm. The lm was further
explored for the output performance of MOF-TENG enabled low
powered electronics. For practical applicability, we demon-
strated an air mouse by nger movements, body motion energy
harvesting and exercise monitoring.

Single crystal X-ray analysis was used to determine the crystal
structure of Cd-MOF. It suggests that the Cd-MOF crystallizes in
a triclinic system with the P�1 space group. The other crystal
structure data and renement parameters are summarised in
Table S1.† The asymmetric unit consists of one Cd(II) metal ion,
half of two azopyridine (AzPY) units, two-quarter units of 2-
aminoterephthalic acid (2-ATA), and one water molecule Fig.
S1a.† To determine the molecular unit of Cd-MOF, each Cd II
unit is coordinated to three oxygen atoms of 2-ATA, two N-atom
of AzPY and one oxygen atom of water molecule, as depicted in
Fig. 1a, whereas in the case of the coordination mode of the
2ATA ligand, two amino groups present in the same benzene
ring cannot coexist, so these free amine groups are in a disor-
dered state.38 The binding mode of 2ATA and AzPY linkers with
Cd metal is shown in Fig. S1b–d.† This coordinated environ-
ment of O4N2 leads to distorted octahedral geometry around the
metal center due to unequal bond distances with three oxygen
Fig. 1 (a) Coordination mode of Cd(II) with ligands; (b) 2D framework of
filling model of rotation along the a-axis.

This journal is © The Royal Society of Chemistry 2023
atoms and the presence of one N atom in the axial position and
one N atom in the equatorial position, as shown in Fig. S1e.†

The binding mode of 2ATA has been coordinated in a tetra-
dentate fashion (m4-k1O3: k2O2, O5: k1O4), and AzPY is coor-
dinated in a bidentate fashion (m2-k1N7: k1N8) to Cd(II) ion
which signicantly helps in the formation of a 2D network of
MOF. The measured bond distance of Cd–N is 2.331 to 2.350 Å,
and the bond distance between Cd and O is 2.223 to 2.445
respectively. The measured bond angle for O–Cd–O and N–Cd–
N is in the range of 84.25° to 98.74° and 85.65° respectively. The
other signicant bond length and bond angle are summarized
in ESI in Table S2.† The ball and stick model of 2D Cd-MOF
along the a-axis is shown in Fig. 1b. 2D networks along with
polyhedra are shown in Fig. S2a† respectively, the 2D view of Cd-
MOF along the a-axis provides stability to the overall framework
network. The space-lling model of Cd-MOF, which is a slight
rotation along the a-axis, shows the porous nature of Cd-MOF
depicted in Fig. 1c and the metal-to-metal pore aperture is 20
Å to 27 Å as depicted in Fig. S2b,† thus exhibiting the func-
tionalization of NH2 and H2O molecules coordinated in the
crystal system. The NH2 group generally has a higher electron
donating ability.

The phase purity and crystalline nature of Cd-MOF were
determined by using PXRD analysis. The as-synthesized Cd-
MOF is well matched with the simulated one obtained from
SC-XRD analysis, as depicted in Fig. 2a. It signies the materials
having phase purity. Fig. S3a† shows the thermogravimetric
Cd-MOF along the a-axis; (c) 2D network along the a-axis; (d) space-

J. Mater. Chem. A, 2023, 11, 26531–26542 | 26533
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Fig. 2 (a) PXRD pattern of Cd-MOF as-synthesized and simulated; (b) dielectric constant of Cd-MOF; (c–e) SEM images of Cd-MOF at different
scales.
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analysis of Cd-MOF; initially, there is a weight loss of around
150 °C indicating the removal of solvent molecules (coordinated
and cavity solvent) from the framework and the second loss
occurs at around 340–400 °C, indicating the deformation of the
framework network and the nal residue is CdO. Furthermore,
to determine the electrical properties of Cd-MOF by using
dielectric measurement setup. A material's dielectric constant
will oen be greater if it has a high volumetric density and polar
chemical groups. A highly porous structure of MOF tends to
have a smaller value of dielectric constant due to the presence of
air in the pores. MOFs having different structural topologies
their volumetric densities will varies, this leads to the impact on
dielectric constant. Since Cd-MOF has a polar C–NH2 bond and
low porosity compared to the non-functionalized MOFs, it also
has a dense structural framework and tends to have a better
dielectric constant value with greater polarizability. For the
present study, the dielectric properties of Cd-MOF have been
studied at room temperature with different ranges of frequen-
cies (MHz). The frequency-dependent variation of the dielectric
constant for Cd-MOF is shown in Fig. 2b. The experimentally
measured dielectric constant value for Cd-MOF is 2.1 at the
frequency of 106 Hz. The surface area and permanent porosity
of Cd-MOF were veried by using the N2 adsorption–desorption
curve via Brunauer–Emmett–Teller (BET) analysis. The surface
area of Cd-MOF is 178 m2 g−1 as shown in Fig. S3b.† To deter-
mine the charging interface of Cd-MOF we have performed zeta
potential measurement by dispersing Cd-MOF in water and the
obtained charge of the Cd-MOF is −16.2 mV; this is one of the
factors inuencing the charge accumulation, and the
26534 | J. Mater. Chem. A, 2023, 11, 26531–26542
dispersant dielectric constant is 78.5 (Fig. S4†). The surface
morphology of Cd-MOF was analyzed via scanning electron
microscopy (SEM) analysis; it shows that the Cd-MOF has plate-
like morphology as depicted in Fig. 2c–e and S5a† with different
scales. The energy dispersive X-ray spectroscopy (EDS) mapping
is shown in Fig. S5b–e.† The EDS mapping conrms the pres-
ence of Cd, N, C, and O. The structural morphological analysis
conrmed the successful preparation of Cd-MOF.

Thus, aer successful conrmation of Cd-MOF structure by
analyzing various parameters such as morphology, zeta poten-
tial, surface area, dielectric constant measurement and stability
of MOF, we further evaluated the output performance of TENG.
The MOF/PDMS composite was used as the tribolayer for
further study. MOFs usually interact very well with polymer
matrices, which eventually minimize the creation of microvoids
on the membrane surface. The highly conjugated and conduc-
tive azo-pyridine ligand of MOF, and the disordered NH2 func-
tional group of the 2-ATA ligand interact with PDMS which
provides stability for the MOF/PDMS composite lm. Fig. S6†
shows the XRD analysis of the pure PDMS and Cd-MOF/PDMS
composite lm. The hump between 10° and 20° is due to
PDMS. The crystalline peaks of the Cd-MOF were observed
along with the PDMS in the composite, which clearly show the
particle loading in the lm. The dielectric constants of the
PDMS and MOF based composite were measured. A dielectric
constant of 2.78 was obtained for the PDMS, and theMOF based
composite has a dielectric constant of 3.1, as shown in Fig. S7.†

The improvement in the dielectric constant leads to an
increase in the charge storing capability, which eventually
This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d3ta05178a


Fig. 3 AFM topography for (a) bare PDMS, (b) Cd-MOF/PDMS films. KPFM potential plot at 0 min and 60 min for (c) bare PDMS, (d) Cd-MOF/
PDMS films. (e) Schematic of the MOF-TENG device. (f) The working mechanism of the MOF-TENG device.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
8 

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
2.

07
.2

02
5 

18
:0

4:
31

. 
View Article Online
reduces the surface charge decay. Fig. S8a† shows the SEM
image of the pure PDMS and Cd-MOF/PDMS composite lm.
The pure PDMS lm shows a at nature. The Cd-MOF/PDMS
based composite lm shows the particle loaded in the lm as
shown in Fig. S8b.† Fig. 3a and b show the 3D roughness prole
of the pure PDMS and MOF/PDMS composite lm. The PDMS
lm shows an average roughness of 2.63 nm, and the composite
lm shows 9.78 nm. The increase in the roughness of the lm
increases the number of contact points for the tribo-
electrication. Cd-MOF based particles have negative surface
potential, as shown by the zeta potential (Fig. S4†). The surface
charge of the lm was analyzed using the KPFMmeasurements.
Fig. 3c and d show the surface charge mapping of PDMS and
MOF based composite lm. The PDMS lm has an average
surface charge of −53.679 mV, and the composite lm has
−71.379 mV. The change in the surface charges was due to the
lling defects, dipoles, permittivity and charge transfer between
the polymer and llers. To understand the charge holding
capacity of the composite lm, surface charge decay was
measured using KPFM. The surface charge of the samples was
measured over a time interval of one hour. The measurement
shows that the surface charges were reduced aer one hour. The
This journal is © The Royal Society of Chemistry 2023
PDMS lm shows a charge decay of 41.47%, and the MOF based
composite shows 9.72%, which is less than that of PDMS. This
is due to the charge holding capability of the ller in the
composite lm.

The MOF-TENG device was fabricated with contact separa-
tion mode. Fig. 3e shows the schematic of the MOF-TENG
device. Fig. 3f shows the working mechanism of the MOF-
TENG device. The triboelectrication consists of three
processes: contact electrication (generation of surface charge),
charge holding (trapping sites) and electrostatic induction
(induced charge at the electrode). Contact electrication
depends on the electrophilic and nucleophilic sites of the
different tribolayers. The charge trapping depends on polymer
matrix polarization and interfaces of the polymer composite
with the llers. A metal electrode induces charges depending on
the tribo charges due to the electrostatic induction. Under fully
separated and contacted conditions, the charges of the elec-
trode are under equilibrium, and the current ow does not
occur. During the releasing and pressing states, the charges
develop between the active layers, inducing an opposite charge
to the electrode by electrostatic induction.36,39 It causes
a potential difference and creates a current ow. Fig. 4a–f show
J. Mater. Chem. A, 2023, 11, 26531–26542 | 26535
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Fig. 4 The electrical output of the MOF-TENG device. (a) Output voltage and (b) current of the MOF-TENG device with different weight loadings
under an applied mechanical force. (c) Output voltage under different applied accelerations from 0.5 m s−2 to 3 m s−2. (d) Output voltage under
different humidity conditions from 30% to 90% RH. (e) Stability of MOF-TENG over 15 000 s. (f) Load matching studies.
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the electrical characteristics of the MOF-TENG device. MOF-
TENG with different wt% MOF loaded PDMS lms were
tested. The pure PDMS lm delivers an output performance of
108 V and 0.409 mA. The output performance of the Cd-MOF/
PDMS lm increased till 2 wt% lm. A maximum output
voltage of 193.4 V and peak-to-peak current of 0.86 mA were
achieved for the 2 wt% composite lm as shown in Fig. 4a and
b. The change in the output performance of the different
composite lms is due to the change in the surface charge,
roughness and dielectric constant of the lm. An acceleration
dependent study was carried out in order to study the
mechanical inuence of triboelectrication. As shown in
26536 | J. Mater. Chem. A, 2023, 11, 26531–26542
Fig. 4c, the output performance of the device improved till 2.5 m
s−2 acceleration. Contact electrication depends on the charge
transfer between the electrophilic and nucleophilic sites and
this transfer is limited by the surface contact points and time.
Increase in the acceleration at a certain point causes reduction
in the charge transfer between the layers. The proposed TENG
was studied under different relative humidity conditions, as
shown in Fig. 4d. The output decreases with the increasing
relative humidity conditions.

The humidity effect on the TENG can be reduced or elimi-
nated using the package technology that was recently re-
ported.40 Fig. S9† shows the temperature dependent study of the
This journal is © The Royal Society of Chemistry 2023
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proposed TENG using a hair dryer. The temperature has been
measured for the three hot air blowing states. The increase in
temperature shows a slight change in the peak to peak voltage
output. Z. L. Wang and co-workers studied the temperature
effect of the triboelectric nanogenerator.41 They found that at
less than 20 °C and more than 100 °C, the output change was
vigorous. Between 20 °C and 60 °C, the output change was not
drastic. These results are matched with those of the reported
study. As depicted in Fig. 4e, theMOF-TENG device showed long
stability for more than 15 000 s (10 500 cycles) without any
noticeable decrease in the output. Fig. 4f shows the load
matching studies. The MOF-TENG device had a maximum
output power density of 0.124 W m−2 at a load resistance of 500
MU. The output charge prole for the MOF-TENG was observed
Fig. 5 (a) Charging capacitors of 0.4 mF, 1 mF, and 4.7 mF using the MOF-T
(c) Charge and energy stored in the 4.7 mF capacitor. (d) Charge and ener
(e) 30 green LEDs and (f) a hygrometer using the MOF-TENG device.

This journal is © The Royal Society of Chemistry 2023
to be 0.1 mCm−2 and is as shown in Fig. S10.† Table S3† reports
the comparison table for different reported MOF and COF
materials.

The commercial capacitor charging of MOF-TENG was
carried out. The commercial capacitors of 0.47 mF, 1 mF, and 4.7
mF attain the maximum voltage of 14.52 V, 8.66 V, and 3.66 V
respectively, within 300 s, as shown in Fig. 5a. Fig. 5b shows the
continuous charging and discharging of the 0.47 mF capacitor.
The charge and energy stored in the 4.7 mF capacitor are shown
in Fig. 5c. The maximum charge and energy stored in the
capacitor are 17 mC and 32.02 mJ respectively. The charge and
energy stored in the capacitor at different intervals of time are
shown in Fig. 5d. To show the device's capability, low power
electronics was tested. The MOF-TENG device was able to power
ENG. (b) Continuous charging and discharging of the 0.47 mF capacitor.
gy stored in the 4.7 mF capacitor at different time intervals. Powering of

J. Mater. Chem. A, 2023, 11, 26531–26542 | 26537
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more than 60 green LEDs (Fig. 5e and ESI Video M1†), and it
also managed to power a hygrometer for few seconds aer
charging a 60 mF capacitor (Fig. 5f and ESI Video M2†).

Using a touchpad, a mouse was controlled. Here a smart
touchless air mouse was developed using the MOF-TENG device.
The schematic of the air mouse system is shown in Fig. 6a. A
device of size 5× 1 cm2 was fabricated with the same active layers
of the MOF-TENG. Five such devices (labelled A1–A5) were
attached to the top of the ngers in a glove. When the nger is
bent, the MOF-TENG device creates a signal (mechano-electric
Fig. 6 (a) Schematic of the Air Mouse using MOF-TENG. Output from
showing stability for 50 seconds, (d) output at different bending angles.

26538 | J. Mater. Chem. A, 2023, 11, 26531–26542
conversion). A multichannel data acquisition system (MDQ)
(Arduino Micro) was used to collect the conditioned signal from
the MOF-TENG device. The MDQ analyses the signal and
compares it with a preset threshold value. If the signal value
obtained is more than the threshold value, then the MDQ sends
a signal to the computer to move the mouse pointer in a specic
direction. The device labelled A1 is attached to the thumb and is
assigned to do the click function, A2 to the index nger and to
move the cursor up, A3 to the middle nger and to move the
the Air Mouse (b) corresponding to individual finger movement, (c)

This journal is © The Royal Society of Chemistry 2023
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cursor down, A4 to the ring nger and to move the cursor right,
and A5 to the little nger and to move the cursor le.

ESI Fig. S11a and b† show the digital image of the air mouse
system. Fig. 6b shows the signal read by the MDQ. When the
index nger is bent, the channel connected to A2 will get
excited, and the MDQ will command the computer to move the
mouse pointer up. Similarly, bending of the other ngers will
perform the assigned mouse movements as demonstrated in
ESI Videos M3 and M4†.

Single nger exion leads to disturbance with the other
ngers. This may cause electrication in the other device. Since
the signal value is lower than the threshold signal, the
Fig. 7 Output voltage for biomechanical energy harvesting for (a) hand p
by hand and foot tapping. (d) Schematic of energy harvesting from an
capacitor from the exercise ball.

This journal is © The Royal Society of Chemistry 2023
respective action is ignored. The device stability is an essential
factor while going for practical applications. Fig. 6c shows the
output for the device crossing the threshold with the contin-
uous bending of the ngers. Fig. 6d shows the output response
for different bending angles of 120°, 60°, and 30° for the device
labelled A2.

The device was used for biomechanical energy harvesting
from hand tapping and foot tapping. Fig. 7a and b show the
output characteristics of hand tapping and foot tapping
respectively. The electrical output generated for hand tapping
was observed to be around 150 V peak-to-peak and for the foot
tapping it was around 70 V. Further capacitor charging was
ressing, (b) foot tapping. (c) Capacitor charging of the 0.47 mF capacitor
exercise ball. (e) Output voltage, (f) capacitor charging of the 0.47 mF
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carried out using the device as shown in Fig. 7c. The 0.47 mF
capacitor was charged up to 9.02 V and 2.31 V for hand and foot
tapping respectively. Fig. 7d shows the schematic of the exercise
monitoring using the prepared glove with the MOF-TENG
device. The multiple devices were connected in series and
parallel to determine the electrical characteristics. Fig. 7e shows
the maximum voltage obtained with the series connection.
Furthermore, the capacitor charging was tested with a 0.47 mF
commercial capacitor for both series and parallel connections,
Fig. 7f. Using this information, the count and calories burnt
during the exercise can be calculated. The number of repeated
cycles of exercise is equal to the number of full waves generated
during the exercise. The calorie burnt can be calculated using
the formula MET (for a therapeutic exercise ball, MET-2.8) ×
weight of the person × time duration (3.126 calories burned).
Experimental section
X-ray crystallography study and data renement

The Cd-MOF single crystal structure was obtained by using
a Rigaku Oxford Supernova CCD diffractometer. The single-
crystal X-ray diffraction (SCXRD) analysis was performed at
293 K using monochromatic graphite Cu K (1.548), and the
collection was detected using CrysAlisPro CCD soware. Data
reduction and cell renement was carried out using CrysAlisPro
RED soware. Using the crystallographic soware SHELXL-97,
the structures were directly solved and improved using a full
matrix least-squares method based on F2.42 All atoms were
located using direct methods, while all non-H elements were
obtained using anisotropic methods. The isotropic temperature
factors that were used to rene all of the H atoms were typically
1.2Ueq of their parent atoms and were applied in geometrically
controlled locations. The non-covalent electrostatic interaction,
mean-plane determination, and molecular diagrams are
produced by the DIAMOND program, version 3.1d.43 The Cd-
MOF structure shows some disorder and unresolvable twin-
ning problems due to which the NH2 group exists in two posi-
tions and also this leads to both the Alert B in the check CIF le.
Synthesis of Cd-MOF

In a typical synthesis process, an aqueous solution (0.2 mmol 56
mg) of Cd (NO3)2$4H2O (2 mL) was prepared. Simultaneously, 2-
aminoterephthalic acid (0.1 mmol 18.1 mg) in methanol (2 mL)
were mixed with a methanolic solution (2 mL) of 4,4-azo pyri-
dine (0.1 mmol, 18.4 mg) and stirred to become a clear solution.
2 mL of metal salt was placed in a crystallization tube and 2 mL
of a 1 : 1 methanol/water buffer solution was placed above the
metal salt solution and the third layer of mixed ligand solution
was placed above the buffer solution. The tube was sealed with
paralm and placed without any disturbance at ambient
temperature to allow the diffusion process. Aer one weak
crystal growth occurs at the wall of the crystallization tube.
Finally, the prepared crystals were separated and washed with
water and methanol and characterized via SC-XRD analysis.
26540 | J. Mater. Chem. A, 2023, 11, 26531–26542
Preparation of the Cd-MOF/PDMS lm

The composite lm of Cd-MOF/PDMS was prepared by rst
making the PDMS solution by mixing a silicon elastomer and
curing agent in a 10 : 1 ratio. The solution wasmixed thoroughly
and different wt% of Cd-MOF (0.5, 1, 1.5, 2, 2.5 wt%) was mixed
into the PDMS solution and mixed again for 10 min under hand
stirring. The solution was kept undisturbed to remove the air
bubbles. The composite lms were prepared via spin coating.
The solution was poured onto a Petri dish covered with
aluminium foil (which will act as the electrode) and spin-coated
at 1000 rpm for 2 min. The lms were cured at 70 °C for 2 h. The
cured lms were used for the fabrication of the TENG device.
Fabrication of the MOF-TENG device

The MOF-TENG device consists of Cd-MOF/PDMS lm with an
aluminium electrode and copper as the opposite layer/
electrode. Both the layers were cut in the dimension of 2 × 3
cm2 and copper wires were connected to the electrodes using
silver paste for collecting the generated output. Kapton tape was
used to cover the silver paste connection, and a PET layer was
kept for supporting the layers. Another PET layer was used for
the side support for separating the layers aer the mechanical
force is removed. The schematic of the device structure is given
in Fig. 3e. The device dimensions for the air mouse application
were 5 × 1 cm2.
Conclusions

In summary, of this work we incorporated a newly synthesized
Cd-MOF as a ller into the PDMS polymer matrix for the
fabrication of a highly durable TENG device. Due to improved
dielectric properties, the charge trapping and charge generating
properties of the lm were improved. The electrical character-
ization of the different composite lms was carried out and
2 wt% composite lm showed a maximum output performance
of 193.4 V and 0.86 mA and a maximum power density of 0.124
W m−2 at 500 MU load resistance. The MOF-TENG device was
observed to have a long stability of more than 15 000 s. The
device was used for operating low-powered electronics such as
LEDs and hygrometers. Furthermore, the MOF-TENG device
was used for implementing a smart device called an air mouse
by attaching the device to the ngers and controlling the mouse
pointer by the movement of ngers. The MOF-TENG device was
used for biomechanical energy harvesting and exercise moni-
toring. This work can pave the way for the use of MOF-based
TENG devices and also for the development of various smart
applications. Thus, by considering the strategy of this work, Cd-
MOF as a ller remarkably improved the TENG performance
with high durability.
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