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A polarized broken framework for electrical
energy harvesting from mechanical friction
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José Ignacio Martı́nez, c Mahira Bashri,a Nada Elmerhi,a Sithara Radhakrishnan,b

Ammar Nayfeh, d Honey John*b and Dinesh Shetty *ae

It is essential to harness energy from every available source to meet

the rapidly growing demand. Motion-assisted energy harvesting is

an emerging and promising technique to achieve this. Mechanical

friction between two surfaces generates charge separation, which

results in an electric current that can be captured as usable energy.

This principle is utilized in a triboelectric nanogenerator (TENG),

which relies on surfaces with appropriate charge characteristics. In

this work, we present a novel approach to create a negatively

charged surface by using bromine- and oxygen-rich broken frame-

works of a 3D covalent organic framework (3D-COF) on a PAN

surface (TamDbta-PAN). The TamDbta-PAN was fabricated through

in situ dripping of TamDbta broken framework spheres from a

water–ethylacetate interface onto a PAN surface. Notably, this

functionally rich TamDbta-PAN serves as an effective tribonegative

layer when paired with a tribopositive nylon-11 layer, achieving a

high power density of 2342 mW m�2 and demonstrating efficient

energy harvesting from mechanical friction.

Covalent organic frameworks (COFs) are two- or three-dimen-
sional (2D/3D) covalent solids composed of organic molecules.1–5

Notably, many inherent properties of COFs, such as their long
porous cavities, originate from their extended polymeric nature.6–8

The growth of COFs through polymerization and weak molecular
interactions often yields extended porous frameworks with the
consumption of reactive functional groups (e.g., CQO, NH2,
B(OH)2). Interestingly, these reactive functional groups are
polar in nature, which is beneficial for many surface-sensitive

applications like triboelectric nanogenerators (TENGs). In detail, a
TENG is a device that harvests energy from mechanical friction
between two surfaces, which depends on the charges associated
with the surface instead of the bulk properties of the material.9,10

In such cases, the exposure of polar functional groups is crucial for
an efficient energy harvesting process. While molecules possess
many freely available functional groups, they are often highly
sensitive to temperature and other environmental conditions.
Notably, the functional advantages of small molecules and the
stability of polymers can be effectively combined in COFs by
introducing defects into their structure. Recent advancements in
broken frameworks have demonstrated a way to integrate the
benefits of both molecules and polymers.11,12 Broken frameworks
refer to defective COFs generated through post-synthetic treat-
ments or in situ reaction control. These frameworks retain

a Department of Chemistry, Khalifa University of Science and Technology, PO Box:

127788, Abu Dhabi, United Arab Emirates. E-mail: dinesh.shetty@ku.ac.ae
b Inter University Centre for Nanomaterials and Devices, Cochin University of

Science and Technology, Cochin-22, India. E-mail: honey@cusat.ac.in
c Instituto de Ciencia de Materiales de Madrid (ICMM-CSIC), C/Sor Juana Inés de

la Cruz 3, 28049 Madrid, Spain
d Department of Electrical Engineering and Computer Science, Khalifa University of

Science and Technology, P.O. Box 127788, Abu Dhabi, United Arab Emirates
e Center for Catalysis and Separations (CeCaS), Khalifa University of Science &

Technology, PO Box: 127788, Abu Dhabi, United Arab Emirates

† AKM and JEJ made equal contributions to this manuscript.

Received 11th July 2025,
Accepted 10th October 2025

DOI: 10.1039/d5mh01318f

rsc.li/materials-horizons

New concepts
Covalent organic frameworks (COFs) are porous solids with an extended
2D or 3D molecular framework constructed via covalent bonds. Recent
developments in defective or ‘‘broken’’ COFs have demonstrated signifi-
cant advantages over their pristine counterparts. The introduction of
defects into COFs creates several beneficial features: (1) defects generate
additional channels, which enhance transport efficiency; (2) they intro-
duce numerous functional groups; and (3) they increase the exposure of
these functional moieties. Moreover, broken frameworks combine poly-
meric heterogeneity with molecular-level accessibility, making them
particularly promising for energy harvesting applications; however, they
are still underexplored. Meanwhile, sustainable harvesting of renewable
energy sources is crucial for long-term environmental sustainability, and
mechanical friction represents a significant source of nano-electricity.
In this work, we successfully demonstrate the fabrication of a robust
broken-framework layer via the in situ deposition of an interfacially
synthesized, imine-linked defective framework (TamDbta-PAN) onto a
polyacrylonitrile (PAN) substrate. The resulting electronegative and
functionality-rich TamDbta-PAN was effectively utilized in a triboelectric
nanogenerator (TENG) for harvesting electrical energy from mechanical
friction. The fabricated TamDbta-PAN/nylon-11 device achieved a high
power density of 2342 mW m�2, highlighting its efficient mechanical-to-
electrical energy conversion capabilities.
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unreacted functional groups while maintaining structural stability,
making them promising candidates for various applications. The
broken frameworks feature unreactive functional groups while
maintaining the stability of the existing framework of the material.
Combining monomeric functional groups and newly created
chemical bonds improves the physicochemical properties of the
broken frameworks.11,12

Meanwhile, TENG operation requires continuous mechan-
ical contact between surfaces, which requires mechanically
robust electrodes. However, uniformly fabricating broken fra-
meworks onto 2D electrodes remains highly challenging due to
the inherent unprocessability of the material. Additionally,
post-chemical treatments for making robust 2D structures
may compromise the active functional groups within these
broken frameworks.13 In this context, we have fabricated a
broken framework sheet through the in situ deposition of an
interfacially synthesized imine-linked defective broken frame-
work (TamDbta-PAN) on a polyacrylonitrile (PAN) surface.
At the solvent interface, the broken frameworks, rich in electro-
negative bromine and oxygen atoms (from the carbonyl group),
were deposited onto the PAN by gravity-driven dripping of
the TamDbta frameworks. Notably, the electronegative,
functional-rich TamDbta-PAN acts as an effective tribonegative
layer against a tribopositive nylon-11 layer. As a result, the
TamDbta-PAN/nylon-11 triboelectric device exhibited a high

power density of 2342 mW m�2, indicating efficient power
transfer and demonstrating effective mechanical energy har-
vesting in the form of electrical energy. Notably, the TamDbta-
PAN/nylon-11 device powered 100 blue LEDs and a wristwatch
through simple hand tapping, demonstrating the practical
utility of broken frameworks for converting body movements
into electrical energy.

The TamDbta-PAN was fabricated by in situ deposition of
TamDbta on the surface of a PAN membrane during the
interfacial synthesis (Fig. 1a and SI2). Herein, the interfacial
synthesis of TamDbta was carried out in a water–ethylacetate
system by taking a mixture of tetrakisaminophenylmethane
(Tam; 0.039 mmol) and p-toluenesulphonic acid (p-TSA;
0.157 mmol) in water and 2,5-dibromoterephthaldehyde
(Dbta; 0.078 mmol) in ethylacetate. The PAN membrane was
kept at the bottom of the reaction vessel. During the progress
of the reaction, TamDbta was formed at the water–ethylacetate
interface, and some spherical particles of TamDbta dripped
from this interface onto the PAN surface. This reaction was
allowed for 5 days to ensure a uniform in situ coating of
TamDbta on the PAN membrane. Afterward, the TamDbta-
PAN was thoroughly washed with water and acetone to
eliminate monomeric impurities. The resulting dried PAN
membrane exhibited a bright yellow color, similar to that of
pristine TamDbta (Fig. 1b).

Fig. 1 (a) The graphical representations of the interfacial synthesis of TamDbta-PAN. (b) The digital photographs of TamDbta and TamDbta-PAN (inset:
the mechanical flexibility of TamDbta-PAN). (c) The chemdraw of a fraction of TamDbta with the presence of CQO. (d) The graphical representation of
the PAN surface, TamDbta-PAN, and TamDbta at the water–ethylacetate interface. (e) The FT-IR spectra of TamDbta-PAN, TamDbta, and the
corresponding monomers. The SEM images of (f) TamDbta, (g) TamDbta-PAN, and (h) the PAN surface.
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The Fourier transform infrared (FT-IR) spectra of TamDbta-
PAN showed a chemical bonding profile similar to that of
pristine TamDbta, with peaks corresponding to CQN and
CQO bonds at 1617 cm�1 and 1695 cm�1, respectively. These
peaks confirm the formation of imine bonds and the presence
of unreacted CQO groups in the TamDbta (Fig. 1c–e). The
absence of any NH2 peaks confirms the complete utilization of
amine-functional groups for framework formation. It indicates
that the frameworks are discontinued at the carbonyl-end in
the Dbta linker. This carbonyl-end termination of the broken
framework could be due to the limited molecular transport of
Tam + p-TSA from the aqueous phase to the organic phase
during the progress of the reaction.14 The limited number of
Tam and abundant number of Dbta at the organic phase results
in the full consumption of –NH2 groups and leaving CQO
groups at the defective sites.

Furthermore, the 13C CP MAS solid-state NMR analysis of
the interfacially formed TamDbta showed the presence of peaks
corresponding to CQO (at 186.6 ppm) and CQN (at 155 ppm)
(Fig. S1). Again, the interfacially formed TamDbta displayed a
moderate crystallinity in powder X-ray diffraction (PXRD),
characterized by two broad peaks at two theta angles of
B6.91 and 12.51 (Fig. S2). However, these crystalline peaks of
TamDbta were absent in the PXRD of TamDbta-PAN, which
could be due to the low thickness of the TamDbta on PAN and
the relatively lower crystallinity of the TamDbta itself. The
moderate crystallinity of TamDbta can be attributed to two
primary factors: (1) the defective nature of TamDbta, which
hinders the formation of large, extended frameworks, and
(2) the presence of large bromine atoms, which induce steric
effects that restrict the formation of a crystalline network.

The scanning electron microscopic (SEM) images of
TamDbta-PAN showed the deposition of spherical particles
(B1–2 mm) of broken frameworks on the surface of the inter-
woven structured PAN surface (Fig. 1d and f–h). Notably, the
SEM images of interfacial TamDbta revealed its bottom layer
morphology of spherical nature (B1–2 mm). Interestingly, these
spheres are dripped from the TamDbta formed at the water–
ethylacetate interface onto the PAN surface placed on the
bottom of the reaction vessel. The distribution of spherical
particles covered the entire surface of the PAN with uniform
thickness (B4–6 mm) (Fig. S3).

The SEM images of TamDbta-PAN, TamDbta, and PAN
clearly show that spherical particles of TamDbta transfer from
the interface to the PAN surface during the reaction period.
Thus, it is important to understand the chemical and morpho-
logical changes occurring throughout the deposition process.
In this regard, the TamDbta-PAN and pristine TamDbta were
analyzed every day for five days of interfacial reaction using
FT-IR and SEM (Fig. 2a–d). Notably, the FT-IR results indicate
the formation of TamDbta (CQN at 1617 cm�1) at the water–
ethylacetate interface on the 1st day of the reaction (Fig. 2d).
Importantly, the initial formation of small spheres (diameter
of B100–800 nm) is observed in the SEM images (Fig. 2a and
Fig. S4). The scattered distribution of these spheres on the PAN
membrane indicates the lesser number of spheres dripping

from the interface initially. From day 2 to day 5, the sizes of
these spheres increased up to a diameter of B1–2 mm, and
subsequently, the dripping intensity also increased (Fig. 2b and
c). The TamDbta is uniformly coated on the surface of PAN
from day 4 to day 5, indicated by the invisible interwoven
structures of PAN. The FT-IR profile of pristine TamDbta on
days 1 to 5 showed a large intensity of CQO (at 1695 cm�1)
compared to the CQN (at 1617 cm�1). This implies a high
degree of defects within the framework formed at the interface.
The TamDbta-PAN exhibits similar intensities for the CQO
peak (at 1695 cm�1) and the CQN peak (at 1617 cm�1),
suggesting a relatively higher degree of imine-bonds in
TamDbta-PAN compared to TamDbta at the interface. This
could be attributed to the following reasons: The synthesis of
TamDbta occurs at the interface of the solvent system. Here,
frameworks are formed with varying degrees of extension.
Notably, spheres of TamDbta with longer framework extensions
are transferred from the interface and deposited on the PAN
surface, which results in a higher degree of imine-bonds in
TamDbta-PAN.

Notably, the TamDbta deposition over the PAN altered the
hydrophobicity of the surface (Fig. S5). The bare PAN showed a
water contact angle of 911, and the water droplet wet the surface
immediately (within o5 s). Meanwhile, the TamDbta deposi-
tion enhanced the hydrophobicity of the surface to a water
contact angle of 1281, and the water droplet could remain as a
drop until it was removed by a syringe needle (Fig. S6). The
hydrophobicity of triboelectric layers is important for minimiz-
ing the adverse effect of moisture adsorption and retarding
performance. To further elucidate the surface properties of
TamDbta-PAN, we measured the zeta potential to quantify the
magnitude of its surface charge (Fig. S7). The results revealed
that the increase in the deposition of TamDbta on PAN from
day 2 to day 5 resulted in a pronounced decrease in zeta
potential value, from �21.13 to �33.43 mV, respectively. This
strong negative surface charge is advantageous for triboelectric
nanogenerators, as it enhances electron transfer efficiency
when paired with tribopositive materials. The negative charge
of TamDbta originates from the electronegative heteroatoms
such as N, O, and Br within the framework. In particular, Br is a
strongly electron-withdrawing and highly polarizable atom,
which increases the surface electronegativity of the broken
framework and promotes efficient charge retention.10d Overall,
the synergistic contributions from Br, N (CQN), and O-rich
sites (CQO) generate a strongly electronegative surface for the
TamDbta. Moreover, the dielectric permittivity of TamDbta,
which is peeled from the TamDbta-PAN, exhibited an enhanced
dielectric permittivity, could be due to the polar functional
groups present in the TamDbta framework (Fig. S8).

Furthermore, we have explored the mechanical energy har-
vesting properties of TamDbta-PAN in the TENG considering its
higher exposure of electronegative surfaces. The TENG gener-
ally consists of two layers: the upper tribopositive and lower
tribonegative. The regular contact and separation of these
layers result in a charge separation and subsequent charge
accumulation on the electrodes, which further creates a
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potential difference across the electrodes (Fig. 3a and
Fig. S9).9,10,15 The TamDbta-PAN was investigated as the tribo-
negative material (with a size of 1 cm2) with different types of
tribopositive material to understand the functional control
effect of the charge separation. Herein, TamDbta-PAN was
paired with proactive copper (metallic), fluorinated ethylene
propylene (FEP: fluorine-rich organic polymer), and doctor-
blade fabricated nylon 11 film (amide-linked organic polymer).
According to the triboelectric series, nylon 11 and copper are
generally considered tribopositive, meaning that they tend to
lose electrons and become positively charged. On the other
hand, FEP (fluorinated ethylene propylene) is tribonegative
because it tends to gain electrons and become negatively
charged, largely due to the presence of highly electronegative
fluorine atoms in its structure.16

The triboelectric responses of TamDbta-PAN against copper,
FEP, and nylon 11 were measured, including open circuit
voltage (Voc), short-circuit current (Isc), and charge (Q)
(Fig. 3b–d). Notably, the triboelectric responses, including Voc,
Isc, and Q, were the highest when the TamDbta-PAN was paired
with nylon 11, with values of 43.56 V, 8.86 mA, and 13.76 nC,

respectively. Herein, nylon 11, with a polyamide-connected
alkyl backbone, showed a tribopositive (tendency to lose elec-
trons) nature when it is in frictional contact with bromine, an
imine nitrogen, and carbonyl-containing TamDbta-PAN.
In contrast, the lowest TENG responses were recorded when
the TamDbta-PAN was paired with FEP, with Voc, Isc, and Q
measured as 5.16 V, 0.81 mA, and 0.48 nC, respectively. Since
FEP is a tribonegative material because of the presence of
several fluorine atoms, pairing it with TamDbta-PAN, which
has also become tribonegative, resulted in weaker TENG
responses. The contrast performance of TamDbta-PAN against
two linear polymers with different functionalities (amide
and fluorine) signifies the critical role of functional groups in
surface-sensitive triboelectric applications. Interestingly, when
the TamDbta-PAN is paired with copper, it results in a relatively
lower triboelectric response compared to nylon 11. Nylon’s
surface gives up electrons readily, making it a tribopositive
surface. In particular, nylon can accumulate a higher positive
charge when rubbed against other materials due to its mole-
cular structure, which supports significant charge transfer
during contact and separation. Copper, being a metal with

Fig. 2 The mechanism study of the growth of TamDbta-PAN from day-1 to 5. (a) The SEM images of TamDbta at the water–ethylacetate interface from
day 1 to 5. (b) The graphical representation of the interfacial reaction. It shows both the growth of TamDbta and TamDbta-PAN. (c) The SEM images of
TamDbta-PAN from day 1 to 5. They show the presence of interwoven structures of PAN in the initial days that are gradually covered with spherical
particles of TamDbta. (d) The FT-IR spectra of TamDbta and TamDbta-PAN from day 1 to 5.

Communication Materials Horizons

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 9
:3

1:
33

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5mh01318f


This journal is © The Royal Society of Chemistry 2026 Mater. Horiz., 2026, 13, 1595–1602 |  1599

high electrical conductivity, doesn’t accumulate charge in the
same way. Instead, it tends to allow charge to flow freely, which
can reduce its apparent tribopositive nature.17a–d

As a proof of concept, we have carried out a series of density
functional theory (DFT) calculations using the localized basis
set Gaussian16 atomistic simulation package18 at the B3LYP/6-
311** level of theory19 to explore the nature of the interactions
of TamDbta with nylon 11, and fluorinated ethylene propylene
(FEP) representative fragments, and with a copper cluster (Cu7)
(Fig. S10). These calculations revealed notable interactions
between TamDbta and the trial adsorbates, exhibiting a parti-
cularly strong electrostatic attraction with the nylon-11 frag-
ment. The calculated physisorption energy for the nylon-11/
TamDbta complex was found to be 0.7 eV, significantly higher
than the 0.26 eV observed for the TamDbta–FEP system. This
difference arises from the remarkable conformational flexibil-
ity of nylon-11, which allows closer molecular contact and more
favorable electrostatic alignment (Fig. 3e), in contrast to the
electrostatic repulsion observed in the FEP system, where both
fragments bear negative charge densities. In the case of Cu7,
the interaction with the TamDbta fragment indicated a strong
chemisorption, although such bonding is unlikely in practical
triboelectric layers due to the purely metallic nature of the
copper layer (Fig. S11a). Importantly, the nylon-11@TamDbta
system exhibited a substantial reduction in electronic band gap
from 5.58 eV (for the isolated nylon 11 unit) to 2.97 eV,
approaching that of the TamDbta fragment alone (3.18 eV)
(Fig. S11b). This E0.2 eV gap closure, despite the absence
of covalent bonding and underlying chemistry, suggests

significant electronic polarization and charge delocalization
at the interface, driven solely by electrostatic interactions. This
is further supported by a clear lifting of degeneracy in the
HOMO and LUMO states in TamDbta upon interaction with the
nylon 11 fragment, pointing to strong interfacial perturbation
and orbital distortion effects, even without explicit chemical
bonding.

These interfacial electronic effects may offer a compelling
explanation for the high power density (2342 mW m�2)
observed in the TamDbta–nylon 11 triboelectric device. The
pronounced electrostatic interaction and electronic polariza-
tion at the interface likely enhance the charge redistribution
efficiency and increase surface potential differences during
contact-separation cycles, thereby improving the overall energy
conversion performance. The synergistic combination in this
particular case of strong physisorption, reduced band gap, and
interfacial orbital distortion supports the interpretation that
nylon 11 is not only a mechanically compatible substrate, but
also an electronically active partner in triboelectric energy
harvesting.

The spheres of TamDbta completely covered the PAN sur-
face. To understand the triboelectric response of pristine PAN,
it was paired with copper, FEP, and nylon 11. Notably, the
triboelectric responses of Voc (16.42 V), Isc (0.97 mA), and Q
(5.44 nC) were excellent with FEP and relatively lower perfor-
mance was observed with nylon 11 (Fig. S12–S14). The lowest
TENG responses were observed when PAN was paired with
copper (0.67 V, 0.12 mA, 0.24 nC). This clearly indicates the
tribopositive nature of the pristine PAN. Moreover, this trend in

Fig. 3 (a) The graphical representation of the working mechanism of the TamDbta-PAN-based TENG in contact and separation mode. (b) The plot of
voltage (V) vs time (s): Voc, (c) the plot of current (mA) vs. time (s): Isc, and (d) the plot of charge (nC) vs. time (s): Q when TamDbta-PAN was paired with
copper, FEP and nylon 11. (e) The DFT model of the interaction between the fragments of TamDbta and nylon 11. It shows the geometrical flexibility of
nylon 11 when it interacts with TamDbta.
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TENG outcome is consistent with the principle that greater
differences in the triboelectric series between two materials can
lead to higher TENG responses. Since PAN and copper are close
to each other in the triboelectric series, they produced relatively
weak TENG responses compared to PAN paired with FEP or
nylon 11.16 In short, the tribopositive nature of PAN was
switched into tribonegative upon in situ coating of TamDbta.

The tribopair consisting of TamDbta-PAN and nylon 11,
which provided the best TENG output, was selected for further
analysis. The effect of force on the frictional contact of the
triboactive materials was initially examined at a fixed frequency
of 10 Hz. The TENG measurements of TamDbta-PAN (days 3
to 6) showed performance rising from day 3 (33.6 V, 5 mA,
10.8 nC) to a maximum at day 5 (43.56 V, 8.86 mA, 13.76 nC),
followed by saturation at day 6 (43.96 V, 7.1 mA, 11.76 nC)
(Fig. S15). The optimum performance at day 5 could be due to
uniform coating, while incomplete (day 3) or excessive (day 6)
deposition limited the output. Hence, TamDbta-PAN at day 5
was selected for further analysis.

The electrical output displayed a linear relationship with
force in some cases,17 while in others, it reached a saturation
point at higher force levels (Fig. S17–S19).20,21 A moderate
increase in TENG output was observed when the force was
varied from 1 N (39.07 V, 3.91 mA, 12.99 nC) to 5 N (40.07 V,
7.52 mA, 13.67 nC). However, the electrical output did not
change significantly when the contact force was increased from
5 N to 10 N (43.56 V, 8.86 mA, 13.76 nC).

The highest performance was observed at 10 N force, so
further analyses were conducted at this force. The relationship
between triboelectric responses and the applied frequency was

investigated while maintaining a constant force of 10 N
(Fig. 4a–c). The values of Voc, Isc, and charge experienced an
enhancement when the frequency was increased from 2 Hz
(14.25 V, 2.84 mA, and 8.34 nC) to 10 Hz (43.8 V, 8.86 mA, and
13.76 nC). Increased TENG responses with higher contact
frequencies and separation between the triboactive materials
are primarily due to generating more triboelectric charges, as
frequent interactions lead to greater charge accumulation.
Additionally, the shorter intervals between these events reduce
the possibility of charge dissipation, allowing more charges
to be collected and utilized efficiently. This frequent cycling
also enhances charge transfer efficiency between materials,
resulting in a stronger triboelectric effect and higher electrical
output. Furthermore, the power density was evaluated under a
constant force of 10 N at 10 Hz. The voltage and current profiles
are analyzed at varying load resistance at 10 N and 10 Hz
(Fig. S20). The peak current and voltage across different load
resistors were calculated and plotted for power measurements
(Fig. 4d). As the resistance increased from 1 MO to 1 GO, the
current decreased from 8.86 mA to 0.28 mA, while the voltage
increased from 5.52 V to 43.8 V. Using the power relation Pmax =
Vmax � Imax, a power density of 2342 mW m�2 was achieved
around 14 MO (Fig. 4e). This excellent power density suggests
the potential of the broken frameworks for motion-assisted
energy harvesting applications. Importantly, the SEM image of
TamDbta-PAN showed the distribution of spherical particles
even after 25 000 mechanical hits with nylon 11, indicating the
stability of the layer (Fig. S19). The consistent open-circuit
voltage observed over 50 000 cycles (Fig. S21) demonstrates
the durability of TamDbta-PAN under mechanical impact.

Fig. 4 Effect of frequency on TENG responses: (a) Voc, (b) Isc, and (c) Q when TamDbta-PAN was paired with nylon 11. All triboelectric measurements
were conducted at a force of 10 N. (d) Voltage and current profiles were observed using different load resistances. (e) The power density profile for
various load resistors.
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Furthermore, to demonstrate the practical utility of TamDbta-
PAN for harvesting energy from daily-life activities, we have made
a TamDbta-PAN/nylon 11 device. To construct the TENG-based
device (inset in Fig. 5e), a circular TamDbta-PAN sample with a
diameter of 3.5 cm was paired with a nylon 11 film prepared using
the doctor blade technique. Both triboelectric materials were
attached to copper electrodes of matching dimensions and
mounted onto a polymer substrate. Squeezable spacers were
incorporated to maintain a uniform gap between the top and
bottom triboelectric layers, enabling effective contact and
separation during palm pressing. The resulting device was used
to generate power to operate portable electronics and charge
capacitors through manual palm pressing. The output voltage,
current, and charge produced by hand-pressing the TENG
module’s top surface were recorded while palm pressing
(Fig. 5a–c). During palm pressing, the device achieved an
average voltage of 170 V, a current of 17 mA, and a charge of
48 nC. The charging performance of the TENG device was
assessed under continuous palm pressing (Fig. 5d). It shows
capacitances ranging from 1 mF to 100 mF. The device exhibited
notable charging rates, reaching 0.27 V s�1 for a 1 mF capacitor,
0.02 V s�1 for 22 mF, 0.008 V s�1 for 47 mF, and 0.003 V s�1 for
100 mF, all calculated over a 30-second duration of palm
pressing. The same TENG device was utilized to power blue
LEDs (B100 numbers) connected in series, as depicted in
Fig. 5e and demonstrated in Video S1. A 22 mF capacitor
was initially charged to power a watch display through hand
pressing on the device. The watch was connected across it once
the capacitor was charged to 1.5 V. The watch began to display
and turned off as hand pressing ceased and the capacitor

discharged (Fig. 5e and Fig. S22). Video S1 demonstrates the
process of charging capacitors through hand pressing, enabling
the illumination of LEDs and powering a watch display via
palm pressing. The FT-IR profile of palm-pressed TamDbta-
PAN showed retained peaks of CQO (1697 cm�1) and CQN
(1619 cm�1) indicating the structural integrity of TamDbta with
PAN during the mechanical contact (Fig. S23). These results
clearly indicate the potential of broken frameworks in real-
life applications to convert body movement to electrical
energy form.

Conclusions

In conclusion, using an in situ deposition method, we present a
simple strategy for fabricating bromine and oxygen-rich func-
tional broken framework membranes. The broken frameworks
of TamDbta are deposited on a PAN surface from an in situ
growing 3D-COF at a water–ethylacetate interface. Notably, the
electronegative functional-rich TamDbta-PAN acts as an effec-
tive tribonegative layer when paired with a tribopositive nylon-
11 layer, achieving a high power density of 2342 mW m�2 and
demonstrating efficient energy harvesting from mechanical
friction. Furthermore, the device-level applications of the bro-
ken frameworks showed their practical utility to convert body
movements to electrical energy. Looking forward, the concept
of functional broken frameworks opens new opportunities
in TENGs and beyond. The flexible and stable nature
of the broken framework 2D macrostructures could be further
explored for wearable and large-area flexible energy harvesters.

Fig. 5 TENG responses: (a) open-circuit voltage (Voc), (b) short-circuit current (Isc), and (c) charge (Q) generated from the TENG device during palm
pressing. (d) Capacitor charging profiles, (e) image showing the powering of LEDs, and (f) charging and powering of a digital watch display.
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