
4934 |  Mater. Horiz., 2025, 12, 4934–4939 This journal is © The Royal Society of Chemistry 2025

Cite this: Mater. Horiz., 2025,

12, 4934

Debonding-on-demand adhesives for recycling
and reusing of electronic devices

Daewhan Kim, Youngjoo Park and Min Sang Kwon *

Electronic waste (e-waste) is one of the fastest-growing waste streams, largely due to surging demand

for devices like smartphones, tablets, and laptops. While e-waste contains valuable resources, its disposal

also involves hazardous components that threaten human health and the environment. A critical barrier

to effective recycling is the adhesives used in device assembly, which complicate disassembly and reduce

material recovery. Recent research has explored diverse residue-free and efficient debonding methods.

Notably, irreversible photo-debondable adhesives show particular promise by enabling precise,

controlled, and on-demand release without damaging sensitive components. Moving forward, developing

adhesives that incorporate both debonding capabilities and degradability will be essential for achieving

efficient, sustainable recycling and minimizing the environmental impact of e-waste.

Introduction: significance of e-waste
recycling and reusing

The rapid advancement of technology, coupled with the wide-
spread adoption of electronic devices such as smartphones, tablets,
and laptops, has led to the generation of millions of tons of
electronic waste (e-waste) annually.1 Consequently, e-waste is now
recognized as one of the fastest-growing waste streams worldwide.
Notably, electronic waste contains various hazardous components,
including halogenated compounds, heavy metals, radioactive ele-
ments, and miscellaneous substances such as plastics, ceramics,
and resins.2 If improperly disposed of or incinerated in unregulated
settings, these substances pose significant environmental and
health risks, including soil and water contamination as well as
atmospheric dispersion.3 Such exposure has been associated with
severe health complications, particularly affecting waste handlers,
including neurological damage and respiratory diseases.4

Given these concerns, to minimize the generation of e-waste,
two primary approaches can be considered (Fig. 1). When an
entire electronic device is no longer functional, valuable mate-
rials such as metals and plastics can be extracted from its
components for recycling. Alternatively, if only a specific com-
ponent is defective or malfunctioning, that faulty unit can be
selectively removed and replaced, enabling the reusing of the
remaining functional components. While recycling contributes
to reducing e-waste, reusing functional components offers an
additional advantage by lowering production costs in the
industry, thereby providing both environmental and economic

benefits. Thus, the development of efficient recycling and reusing
strategies for electronic devices has become a critical challenge in
modern society, reflecting both sustainability and economic
viability. One of the primary obstacles in these strategies is the
difficulty of component separation due to the use of adhe-
sives in device assembly.5 As a first step, devices must be
manually disassembled without causing damage to the intri-
cate electronic structures, allowing for the recovery and
reuse of functional components while discarding malfunc-
tioning or defective parts. In this process, achieving clean
and efficient disassembly from the substrate through appro-
priate external stimuli is essential. Advancements in such
disassembly techniques can significantly mitigate the envir-
onmental and health impacts of e-waste while also contribut-
ing to environmental, social, and governance (ESG) goals.
Furthermore, from a practical perspective, reusing layers and
enabling the recycling of high-value materials contribute to
reducing production costs, improving resource efficiency,
and ultimately enhancing the economic viability of the
process.6 As industries increasingly prioritize cost-effective
and scalable solutions, these technologies are becoming not
only environmentally beneficial but also economically
indispensable.

Adhesives as a barrier to electronic
device disassembly

Adhesives used in electronic devices primarily serve a critical
mechanical role by securely affixing functional components or
layers. Additionally, depending on their placement, the compo-
nents they bond, or the specific device in which they are
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applied, adhesives can also impart additional functionalities,
such as high optical clearance,7 stress relaxation,8 electrical
insulation,9 and electrical conductivity.10 As a result, adhesives
constitute an essential element in electronic device assembly. In
particular, adhesives featuring inert C–C bonds are commonly
employed due to their exceptional chemical resistance, moisture
resistance, durability, and high adhesion strength, ensuring
stable performance even in extreme environments.11,12 While
these characteristics are crucial for enhancing the structural
stability of electronic devices, they simultaneously pose a sig-
nificant challenge in the recycling and reusing process, as they
hinder the efficient disassembly and separation of components
in electronic waste management.

To address this challenge, extensive research has been
conducted on adhesive removal for electronic device disassembly.
In particular, numerous studies have explored practical methods
for removing adhesives used in bonding single-layer compo-
nents, such as printed circuit boards (PCBs), with transesterifica-
tion reactions at temperatures exceeding 140 1C.13 However,
research on practical adhesive debonding strategies specifically
aimed at disassembling multi-layer structures into individual
layers remains significantly limited.11 Unlike single-layer sys-
tems, multi-layer electronic devices, such as display modules,
lithium-ion batteries, and solar cells, which consist of multiple
functional layers require precise separation methods. Display
modules use adhesives to assemble components such as polar-
izers, color filters, organic light-emitting diode (OLED) layers, and
thin film transistor (TFT) layers. Similarly, lithium-ion battery
packs employ adhesives for cell-to-cell bonding, thermal runaway
protection, compression pads, electrical insulation, and pack
sealing. These layers exhibit significant thermal sensitivity; for
example, color filters and OLED dyes may undergo thermal
bleaching at temperatures exceeding approximately 100 1C,14,15

while excessive heat also introduces explosion risks in lithium-
ion batteries.16 This thermal constraint severely limits the applic-
ability of conventional high-temperature adhesive removal tech-
niques, emphasizing the urgent need for on-demand debonding
strategies to alternative recycling and reusing tailored specifically
for multi-layer systems.

Existing debonding strategies

Currently, several approaches have been proposed for adhe-
sive removal in multi-layer disassembly. In multi-layer struc-
tures, pressure-sensitive adhesive (PSA), which exhibit high
adhesion under light pressure, are commonly used. Methods
for PSA removal include elevating the temperature to
reduce viscosity or weaken intermolecular forces, applying
mechanical force such as scratching, or using solvents for
dissolution.16 However, these methods present significant
limitations, including high energy consumption, environ-
mental concerns, and thermal degradation and physical
damages to the components. Additionally, they can lead to
a reduction in the quality of recycled products and increase
process complexity. Residual adhesive left on components
may act as a contaminant during reassembly, potentially
affecting electrical and optical performance and ultimately
causing product malfunctions.

To overcome these challenges, fundamental research is
required to develop effective and easily removable adhesives
that facilitate efficient disassembly. As part of these efforts,
various on-demand debonding systems have been proposed
(Fig. 2). These systems enable precise, stimulus-activated
separation from the substrate, allowing disassembly to occur
only when necessary. Such on-demand responsiveness is a
key advantage over traditional methods, offering tailored
performance in complex multi-layer devices and minimizing
damage to reusable components. To ensure that this on-
demand functionality remains effective in extended-use stra-
tegies, debondable adhesives should be validated through
comprehensive environmental stability testing that reflects
realistic and long-term operational conditions. Currently,
reported stimuli include thermal, photocuring, magnetic,
and electric triggers, which offer potential solutions to the
limitations of conventional removal methods. By integrating
these techniques, more efficient and environmentally
friendly disassembly processes can be developed, provi-
ding a strategic direction for sustainable electronic waste
management.

Fig. 1 The recycling and reusing process of electronic devices and the future direction approach for sustainable adhesives using debonding strategies.
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Thermally debondable adhesives

Among the on-demand debonding approaches, thermally debond-
able adhesives, alongside photo-debondable adhesives have both
received notable interest.16 Thermally debondable adhesives pri-
marily utilize hydrogen-bond modulation or dynamic covalent
chemistry to soften or sever bonds at specific temperature ranges,
thereby lowering adhesion.

For hydrogen bonding modulation, adhesives are formulated
with low critical solution temperature (LCST) monomers to
enable temperature-responsive adhesion. For instance, adhesives
incorporating N-isopropylacrylamide (NIPAAM) exhibit enhanced
inter- and intramolecular hydrogen bonding at 80 1C, reducing
substrate interaction.17 To lower the debonding temperature,
poly(N-vinyl caprolactam) (PVCL)–poly(ethylene glycol) (PEG)
blends are applied to undergo phase transition at a lower
temperature of 50 1C, resulting adhesion reduction.18 However,
this study demonstrates that the reduction in adhesion is limited,
and cohesive failure may leave residues, restricting their applic-
ability in disassembly.

Research has also been conducted on dynamic covalent
bonding to modify the adhesive network and reduce adhesion.
Dynamic covalently bonded adhesives fabricated using poly-
glutaramide and polysuccinamide undergo cleavage of dicar-
boxamide linkages at temperatures above 200 1C, resulting in
their conversion into cyclic imides and amines. This process
leads to a reduction in network crosslinking density and
changes in chain mobility, ultimately causing a decrease in
adhesion. Although the dynamic covalent bonds are reversible
and allow re-adhesion upon cooling, the need for extremely
high temperatures remains a significant limitation.19 Similarly,
hot-melt thermoplastic polyurethane adhesives exhibited
oxime-carbamate dynamic crosslinking around 100 1C, affect-
ing lap shear strength.20 Additionally, adhesives with ladder-
like poly(silsesquioxanes) and alkyl crosslinkers demonstrated
switchable adhesion via Diels–Alder reaction between 90 1C and
135 1C.21 Although these approaches are customizable, the high
activation temperatures may damage sensitive functional
layers. As such, developing thermally responsive adhesive with

Fig. 2 Existing debonding strategies to reduce adhesion from the substrate surface for easy removal of adhesive: (a) thermal debonding strategy by
hydrogen bonding modulation, (b) photo-debonding strategies through increasing crosslinking density, (c) magnetic debonding strategy by reducing
interfacial contact using ferromagnetic material, and (d) electrical debonding strategy using interfacial electrochemical reaction.
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lower activation thresholds is an ongoing focus, particularly to
align with on-demand debonding objectives that require both
material safety and operational efficiency.

Photo-debondable adhesive

Photo-debondable adhesives have gained significant attention due
to their efficient, contactless, and remote stimulation capabilities,
which can be controlled temporally and spatially. The ability to
easily tune factors such as wavelength, intensity, and exposure time
makes photoirradiation an ideal technique for on-demand adhesive
removal that minimizes or avoids exposure to sensitive substrates.
Most photo-debondable adhesives use crosslinking strategies to
increase internal cohesion by UV irradiation, reducing adhesion for
clean removal without residue.22 Currently, this strategy has been
applied as dicing tape for semiconductor wafers and also shows
potential for use in the transfer of microscale materials such as
micro-LEDs and graphene-based 2D materials.23–25 However, the
requirement for sufficient substrate transparency or targeted irra-
diation limits the application to specific materials.

One approach involves preparing PSA by incorporating diacry-
late oligomers, obtained through acrylate functionalization of
thermally cured polyurethane end groups, together with a photo-
initiator, to induce additional crosslinking under UV irradiation
and reduce adhesion strength.26,27 Another method involves post-
modification of polyacrylates with glycidyl methacrylate (GMA)
and acrylic acid to achieve crosslinking.28 While these methods
allow for crosslinking density control by adjusting the substitu-
tion ratio, they require mixing different polymers or additional
post-modification processing steps, presenting limitations.

To address these challenges, monomers containing UV-
responsive sites are copolymerized to develop reversible and
irreversible photo-debondable adhesives. In the reversible
method, phase transition behaviors are induced by varying
wavelengths of UV irradiation. A commonly employed strategy
involves the incorporation of azobenzene groups, which facilitate
phase transitions from solid to liquid through cis–trans isomer-
ization. However, their applicability in optical devices is limited
due to inherent color constraints.29 In contrast, reversible photo-
dimerization using anthracene30 or coumarin monomers31

enables adhesion control via switching between 254 nm and
365 nm light. For irreversible methods, benzophenone mono-
mers are used in the Norrish type II reaction to create optically
clear adhesives, allowing for residue-free substrate reuse in
foldable displays.22 Other UV-responsive sites, such as azide32

or alkoxyphenyacyl groups,33 have also been applied to PSA for
adhesion reduction under UV stimuli.

Magnetically and electrically debondable adhesives

Magnetically and electrically debondable adhesives offer rapid
adhesion response to stimuli, enabling the design of reversible
adhesives. Magnetically debondable adhesives are typically devel-
oped by embedding ferromagnetic materials (e.g., carbonyl iron
or pure iron) into patterned PDMS, allowing them to respond to
magnetic forces.34,35 This method enables debonding within
seconds while maintaining adhesion even after multiple cycles,
demonstrating potential for reversible adhesive applications.

However, the incorporation of ferromagnetic materials necessary
for debonding may interfere with sensitive electronic compo-
nents such as PCB circuits, touch layers, TFT layers, and semi-
conductor materials, while also reducing optical clarity.

The debonding mechanism of electrically debondable adhe-
sives has been explored in only a limited number of studies. One
such study reported that incorporating organic salts or ionic liquids
enables ion migration toward the electrode interfaces under applied
voltage, where interfacial electrodelamination occurs via carbene-
induced degradation and hydrogen gas evolution at the cathode,
and metal oxidation accompanied by metal ion migration at the
anode.36 These systems provide effective functionality at low tem-
peratures and can be applied to various adhesives, such as acrylate,
epoxy, and urethane, through the incorporation of ionic liquids.37

Utilizing this strategy, the adhesive can be applied not only for
mounting and dismounting components in high-speed aircraft but
has also been practically demonstrated to enable the separation of
aluminum-shelled battery cells in electric vehicles and smartphone
battery cells within a few seconds. However, they necessitate a metal
substrate to conduct current, making them unsuitable for adhesion
to materials such as PET or glass. Both magnetic and electrical
debonding strategies show significant potential for enhancing
packing density and resolution, making them particularly effective
for micro- and nanoscale transfer processes in silicon wafers, but
limited in electronic devices.

Solvent-induced, ultrasound, and pH-triggered debondable
adhesives

Alternative debonding mechanisms that rely on chemical dis-
solution, mechanical disruption, or ionic interactions, such as
solvent, ultrasound, and pH-responsive stimuli, have garnered
attention for their ability to facilitate adhesive removal. Solvent-
induced debonding relies on the selective solubility of adhesives
in specific solvents, promoting reversible assembly and disas-
sembly through p–p interactions.38 Meanwhile, pH-sensitive
adhesives exploit acid–base interactions, where variations in
protonation states modulate adhesion by altering electrostatic
interactions39 or inducing phase transitions.40 Ultrasound-
based debonding is utilized for acid-catalyzed degradation or
as a non-destructive imaging technique for analyzing adhesive
degradation.41,42 However, the mechanical vibrations generated
by ultrasound may potentially damage delicate layers, and this
approach has not been extensively studied, necessitating further
research to evaluate its practical applicability in electronic
device disassembly. Additionally, pH-responsive stimuli require
the use of solvents and acids or bases for pH modulation,
which, like solvent-induced debonding, involves chemical usage
that poses environmental risks and may cause chemical damage
to substrates, further limiting their practical applicability.

Directions of future sustainable
adhesives in electronics

Debondable adhesives based on thermal, photo, and electrical
stimuli have already been commercialized and are currently
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available on the market, exhibiting comparable adhesion per-
formance to that of regular adhesives. Applying commercially
available debondable adhesives to electronic devices requires
consideration of potential systemic barriers that could impede
their commercialization. However, to the best of our understand-
ing, no significant barriers are expected to impede their com-
mercialization. Rather, the primary challenge lies in ensuring
that the adhesive satisfies the material property requirements of
the target device while also providing reliable debonding func-
tionality. Thus, while maintaining such performance, the devel-
opment of debondable adhesives depends on two critical factors:
(i) using an on-demand stimulus that reduces substrate inter-
action without damaging the electronic device, and (ii) ensuring
complete residue-free removal of the adhesive. To minimize the
risk of damage to electronic devices, the stimulus should ideally
be applied under low-energy conditions and for a short duration,
even though higher thermal energy, irradiation intensity, or
electrical voltage can enable faster debonding. However, for
certain stimuli, such as thermal or photo triggers, the system
must also be designed to respond only when the applied energy
exceeds a specific threshold. This ensures that debonding is not
unintentionally activated by ambient environmental conditions,
thereby maintaining reliable on-demand performance.

Among the debonding strategies introduced above, thermal
and photo stimuli have been the most extensively studied due
to their feasibility for practical applications. However, thermal
stimuli pose challenges due to their limited precise on/off
control, as chemical reactions may occur outside the targeted
temperature range. To pass stability tests under high tempera-
ture (60 1C or more and 105 1C or less) conditions, debonding
should not occur at excessively low temperatures.7 However,
activation above 100 1C risks thermal degradation, narrow
debonding temperature range is less suitable for achieving a
realistic on-demand debonding operation.14

Given these challenges, photo-debondable adhesives emerge as
one of the most promising on-demand system, offering precise
and rapid adhesion control with wide wavelength selectivity. Here,
ensuring that the overall irradiation dosage remains within a
controlled range is sufficient to prevent degradation of sensitive
layers. Thus, this capability enables the development of reusable
adhesives, facilitating multiple attachment and detachment cycles,
but dust and impurities introduced during reattachment can cause
defects, generating malfunction of recycled electronics. Given that
adhesive costs constitute extremely minor fraction of electronic
device production, adopting irreversible photo-debondable adhe-
sives with single-use, on-demand separation provides both eco-
nomic and technical advantages. From a practical standpoint,
photo-debonding allows for significant reduction in adhesion
within seconds and offers controllability in terms of irradiation
area, location, and on/off switching. These advantages make it one
of the most favorable options in terms of both process efficiency
and economic viability.

However, its applicability remains limited by the requirement
that at least one of the bonded substrates must be optically
transparent to allow light transmission to the adhesive layer. In
cases where light cannot sufficiently reach the adhesive due to

the non-transmissive materials, alternative debonding stimuli
must be employed. Additionally, achieving rapid debonding
typically requires high-intensity UV irradiation, which can pose
a risk of damaging adjacent components, particularly those
sensitive to UV exposure. Therefore, considering both economic
and practical constraints, on-demand debonding strategies that
enable selective, rapid, and clean separation under mild and
broadly applicable stimuli should be continuously researched.

In addition to enabling efficient disassembly, addressing the
environmental impact of adhesive waste itself is critical for
achieving true sustainability. Debonded adhesives composed of
C–C backbones are inherently non-degradable, which contri-
butes to environmental pollution. Therefore, beyond recycling
electronic devices, it is essential to incorporate pathways for
adhesive degradation, monomer recycling, and upcycling to
achieve ultimate sustainability. Improper disposal of adhesives
may lead to the formation of ‘‘stickies,’’ which can contaminate
paper and plastic recycling streams and cause machinery foul-
ing during processing. To promote recyclability and degrad-
ability across different adhesive systems, various approaches
have been investigated, including backbone modification for
acrylic adhesives,43 vitrimer-based dynamic bonding for epoxy
adhesives,44 and chemical recycling via aminolysis and acid-
olysis for polyurethane adhesives.45 Integrating these recycling
and degradation strategies into debondable adhesive systems
will be essential for future progress. Ultimately, future studies
should focus on developing adhesive systems that combine
efficient debonding with controlled degradation capabilities,
advancing environmentally responsible adhesive technologies.
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