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Strain-Insensitive Pre-Stretch-Stabilized Polymer/Gold
Hybrid Electrodes for Electrochemiluminescent Devices

Ziyu Chen, Runhui Zhou, Jiaoya Huang, Huichen Xu, Zemin Li, Yushu Wang,
Rongrong Bao,* Jiang He,* and Caofeng Pan*

The quest for stretchable properties is at the forefront of research dedicated to
on-skin light–emitting devices. Inspired by the natural wonders of
bioluminescence, electrochemiluminescent devices (ECLDs) are distinguished
by straightforward design and reduced operating voltage, marking a departure
from traditional current-driven electroluminescent devices (ACELDs). The
primary challenge of fully-stretchable ECLDs lies in crafting electrodes that
simultaneously satisfy the demands for conductivity, transparency,
stretchability, oxidation resistance, and interface stability. This research
introduces a groundbreaking wrinkled polymer-gold composite electrode. It
extends to 50% stretchability, offers outstanding conductivity at 10 𝛀 sq−1,
achieves transparency above 60%, and withstands over 10 000 stretching
cycles. Employing this material, alongside stretchable electrospinning fiber
luminescent layers, enabled the creation of fully-stretchable ECLDs. These
devices not only shine brightly at 30 Cd m−2 but also retain more than 90% of
luminosity when stretched up to 50%. Furthermore, this work has engineered
stretchable devices featuring singular patterns and multi-dot arrays. They
exhibit consistent luminescent output under bending, twisting, and stretching
when applied to skin. These findings not only highlight the potential of
polymer-gold composite electrodes in overcoming challenges faced by
stretchable electronic devices but also provide new ideas for wearable
technology that seamlessly integrates with human body.
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1. Introduction

With the growth of demand and techno-
logical advances,[1] light–emitting display
devices have developed from rigid to flexible
and stretchable,[2] finding widespread ap-
plications in human-computer interaction,
motion monitoring, medical and health-
care, and intelligent communication.[3]

These devices utilize transient lumines-
cence to transmit signals and achieve
visual effects.[4] As components of fully-
stretchable light–emitting display devices,
high requirements are put forward for both
the electrode layer and the light–emitting
functional layer. Specifically, stretchable
electrodes need to exhibit a delicate balance
between conductivity, transparency, and
stability.[5] The percolation threshold de-
termines the formation of interconnecting
conductive networks, and the deposition
of ultrathin metals facilitates efficient car-
rier injection.[6] The film thickness of the
continuously deposited metal creates a con-
tradiction with high transparency.[7] Addi-
tionally, the optoelectronic properties of the
luminescent functional layer are desired to
be optimized, as well as modulus matching
between layers to prevent delamination.[8]

Realizing devices that combine all these characteristics remains
a challenge.

At present, numerous studies have been conducted to solve
the problems. For example, research has already focused on or-
ganic/quantum light–emitting diodes (OLEDs/QLEDs).[9] They
combine flexible substrates that provide mechanical compliance
with rigid LEDs. This approach may require additional carrier
injection and transport layers, and the complexity of multi-
layer structures hinders cost-effective and large-scale manufac-
turing. The alternating current-driven electroluminescent device
(ACELD) is also a typical fabrication strategy.[10] Textile-shaped
ACELDs show large-area displays with functionality.[11] Also, EL
devices can be manufactured with high compatibility and en-
hanced interlayer adhesion using custom 3D printed inks.[12]

However, the operation at high voltages and consumption of
more energy presents safety and power concerns. In that case,
a novel AC-driven electrochemiluminescent device (ECLD) was
prepared.[13,14] In contrast to OLED/QLED and ACELD, ECLD
exhibits a simplified structure comprising an electrode layer and
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a light–emitting layer.[15] ECLD operates at a significantly lower
voltage, enabling normal functionality through excitation be-
low 10 V.[16] Additionally, ECLD electrodes are not constrained
by power function limitations and can be manufactured cost-
effectively on a large scale. These advantages position ECLD as
a promising candidate for the implementation of stretchable lu-
minescence. Several studies have explored applications in ECLD
displays, preparing wearable pressure-sensitive light–emitting
sensors,[17] ion gel-based flexible full-color displays.[18] For the
selection of electrode materials, silver nanowires (AgNWs) have
excellent flexibility and conductivity. However, their high surface
roughness and vulnerability to oxidation make them unsuitable
for ECLD.[19] ITO can achieve higher transmittance, yet the rigid-
ity limits the fabrication of stretchable devices. Almost all elec-
trodes used for ECLDs can only be flexible or partially stretchable,
making them difficult to achieve fully-stretchable.[20,21]

Intrinsically stretchable devices contribute to improved stretch
stability, mechanical robustness, and biocompatibility.[22] To
achieve high-performance fully-stretchable ECLDs, various is-
sues such as material selection, microstructure design, fabrica-
tion processes, and system integration need to be addressed.[23,24]

Thin-layer Au combines high conductivity, great transparency,
ductility, and chemical inertness, making it an ideal solution for
ECLD to replace ITO and Ag as electrode materials.[25] The struc-
ture of ECLD generally consists of an electroluminescent func-
tional layer embedded in two structurally designed electrode lay-
ers. In terms of electrode microstructure, they are carefully de-
signed to distribute mechanical strain and reduce damage to the
intermediate layer. Taking the pre-stretch-release method as an
example,[26,27] when releasing the strain, the upper conductive
material experiences compression and deformation by the lower
elastomeric substrate. This results in the relaxation of the com-
posite material to its original length, leading to the reorganization
of the wavelength and amplitude of waveforms while minimiz-
ing energy consumption. At last, a conformal sinusoidal wrinkled
structure can be given. During the fabrication process, it’s nec-
essary to consider the modulus matching of each layer and the
adhesion of soft-hard interfaces to prevent delamination.[28]

Here, we report the preparation of fully-stretchable devices
using electrochemical reactions for light–emitting displays and
wearable sensing. ECL displays are based on a simple device
structure and operation mechanism consisting of thin-layer elec-
trodes and light–emitting layers. The electrodes are prepared
via the pre-stretch-release method, resulting in a wrinkled struc-
ture after release, which can operate continuously for over 10000
cycles. The vapor-deposited parylene serves as an intermediate
layer to address the issue of modulus matching between the
metal conductive material and the polymer substrate. This en-
sures the relative resistance stability during stretching. Notably,
the red and green band transmittance levels surpass 60%, accom-
panied by a low surface resistance of less than 10 Ω sq−1. The
luminescent layer based on electrospinning fibers uniformly in-
filtrates the luminescent solution, enabling red and green color
luminescence with optoelectronic performance superior to tradi-
tional gel electrolyte luminescent layers. Fully-stretchable ECLDs
were successfully fabricated with strong interlayer adhesion and
resistance to delamination during stretching, resulting in a lumi-
nous brightness of 30 Cd m−2. Furthermore, the ECLD exhibits
consistent luminescence performance in the degree of stretch-

ing more than 40%, maintaining over 80% of its original bright-
ness after 500 cycles. The stretchable effect of single patterns and
multi-dot arrays allows for adherence to human skin and a sta-
ble luminescent display that follows bending, twisting, and other
movements.

2. Results and Discussion

2.1. Design of the Electrodes via Pre-Stretch-Release Method

We envision the ECLD application scenario as shown in Figure 1.
The ECLD is applied to the human skin for daily activities. It can
maintain normal light emission during twisting and stretching
motions such as clenching the fist, extending the arm, and flip-
ping the wrist. It comprises an electrospinning luminescent layer
embedded in two layers of pre-stretched gold-plated electrodes.

The electrodes were fabricated as flexural fold structures
through the pre-stretch-release method. The amplitude of the
fold waveforms decreased progressively during stretching and
the overall shape gradually flattened until returning to the ini-
tial pre-stretching degree. The fabrication procedure is illustrated
in Figure 2a. The VHB was adhered to the PDMS film using
glue, resulting in the formation of a tightly bonded structure
upon curing. Subsequently, a parylene layer was deposited via
chemical vapor deposition (CVD) and a thin layer of gold was ap-
plied using magnetron sputtering. Following the strain release
of the pre-stretched film, the metal-polymer multilayer compos-
ite, specifically PDMS/VHB/Parylene/Au, formed a wavy folded
structure from the bottom up. VHB acts as the substrate onto
which the metal and polymer are directly deposited. Therefore,
we used PDMS to form a tightly bonded structure with VHB
to avoid the effect of the larger viscoelasticity. Parylene is a bio-
compatible, chemically inert, optically transparent polymer with
low gas and water permeability. The thermal and mechanical
properties allow Parylene films to be used as an intermediate
layer to mitigate the performance mutation at the interface be-
tween Au and PDMS/VHB.[8] Figure S1 (Supporting Informa-
tion) illustrates the cross-section and surface morphology of the
electrodes.

2.2. Growth of Thin Gold Film

The deposition of thin layers of gold, depicted in Figure S2 (Sup-
porting Information), is accomplished through a two-stage pro-
cess involving nucleation and nucleation-centered growth. Gold
exhibits a low surface resistance attributed to its elevated free
electron density relative to conductive composites. In the initial
phase of film deposition, the distribution of metal atoms is in-
fluenced by the interaction: i) metal adatom and adjacent metal
adatom, ii) metal adatom and substrate adatom. Depending on
the magnitude of the forces between them, there are three pos-
sible modes of growth.[5,6] i) If the interaction between metal
adatom and adjacent metal adatom is larger than the interaction
between metal adatom and substrate adatom, the wettability of
the metal adatom with the substrate is poor, leading to nucle-
ation and growth following the Volmer-Weber mechanism (is-
land). Then the isolated 3D island-like structures were formed
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Figure 1. Design of electrochemiluminescence devices (ECLD).

on the substrate. ii) When the interaction between metal adatom
and substrate adatom is gradually increased, the transition to
the Stranski-Krastanov mechanism (layer-island) begins. At this
point the deposition process initially exhibits itself through the
formation of one or two layers of material, resulting in a modifi-
cation of the surface energy of the film. As the metal is deposited,
the higher surface energy tends to cause subsequent growth to
follow the Volmer-Weber mechanism. As a result, isolated is-
lands on top of the layers appeared. iii) When the interaction be-
tween metal adatom and substrate adatom continues to increase
beyond the interaction between metal adatom and adjacent
metal adatom, the Frank-Van der Merwe mode (layer-by-layer) is
initiated.

According to the analysis above, non-uniform nucleation oc-
curs during the vapor deposition of a thin layer of gold, resulting
in uneven distribution of nucleation sites and disordered growth
around these sites. The initial surface morphology of the depo-
sition process is illustrated in Figure 2b. After 15 s of gold plat-
ing, it shows discontinuous dispersed island and granular struc-
tures, hindering the formation of a conductive network. To im-
prove electrical conductivity, the deposition time needs to be in-
creased. The isolated islands can be linked together, as evidenced
by the surface morphology at 30 s of gold plating. While this strat-
egy does lead to a notable enhancement in electrical conductiv-
ity, longer deposition times yield thicker gold layers that possess
high reflectivity and modulus, rendering them less transparent
and flexible. This limits their suitability for use as stretchable
electrodes. Thus, precise control of the deposited thickness is es-
sential to achieve higher transmittance in the near-infrared and
visible spectra, thereby addressing the drawbacks associated with
thick-layer metals.

One approach to regulating deposition time involves surface
modification. In terms of metal deposition growth modes, the
manipulation of interfacial properties is crucial in inhibiting the
Volmer-Weber growth mechanism and reducing the penetration
threshold. Specifically, for the electrode structure, direct adhe-
sion of Au to the VHB surface is inadequate, leading to delami-
nation during stretching. Therefore, an intermediate transition
layer is necessary to address the modulus mismatch between
metal and substrate. The incorporation of Cr is beneficial for im-
proving adhesion, although its susceptibility to brittle cracking
during stretching should be considered. In the realm of poly-
mers, parylene films exhibit notable characteristics such as high
strength, favorable biocompatibility, chemical inertness, and in-
terfacial stability with metals. The growth of parylene films in-
volves the utilization of chemical vapor deposition (CVD) tech-
nology, wherein small polymer molecules are deposited onto the
surface of a substrate to form a fully conformal polymer film coat-
ing. With Young’s modulus of 3.2 GPa, parylene falls within the
range of mechanical properties between VHB (0.26 MPa) and
gold (79 GPa), thereby serving to mitigate the abrupt transition
in mechanical properties between these two materials. During
the process of stretching, the Young’s modulus-matched poly-
mer substrate suppresses localized strains and achieves greater
strain at break. Figure 2c shows the results after surface modi-
fication by parylene plating. This modification significantly en-
hances the adhesion of gold, with fewer cracks and voids on
the plated surface at the same time (compared to Figure 2b).
These findings suggest that the modified substrate surface sig-
nificantly improves the interaction with gold, resulting in the for-
mation of a dense film that covers nearly the entire surface after
just 30 s of gold plating. It can also be seen in Figure 2d at the

Adv. Funct. Mater. 2024, 2406434 © 2024 Wiley-VCH GmbH2406434 (3 of 12)

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202406434 by C
as-B

eijing Institution O
f, W

iley O
nline L

ibrary on [26/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 2. Preparation of stretchable electrodes. a) Schematic of the fabrication process of the pre-stretched wrinkled electrodes. Schematic and SEM
images of the Au-VHB deposited films under different gold plating times b) w/o and c) w/ parylene. d) SEM images of the Au-VHB deposited films (top:
w/o parylene and bottom w/ parylene). e) Sheet resistance and f) transmittance of Au-parylene-VHB films by magnetron sputtering with different gold
plating times, along with corresponding sample images in inset (left: w/ parylene and right: w/o parylene).

interface of no parylene plating (top) and parylene plating (bot-
tom) to see the difference between the surfaces of the two re-
gions. These morphologies are further evidence of a shift in the
growth mode of thin-layer gold deposition. Next, surface resis-
tance was measured for varying plating durations, as shown in

Figure 2e. The square resistance steadily decreases from over
30 Ω sq−1 after 30 s of gold plating. Further extension of the gold
plating duration beyond 60 s shows minimal impact on the extent
of the decrease in surface resistance. The inset is optical images
of samples with different plating times, with the top-to-bottom
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progression indicating an increase in plating time. The school
logo of “Guangxi University” is discernible in the background
when observed through the electrode. From left to right, the
electrodes are plated with and without parylene, and the thin
layer of gold on top of the parylene-coated layer is smoother
and flatter. Analysis of the light transmittance of the gold-
plated electrodes (Figure 2f; Figure S3, Supporting Informa-
tion) reveals that electrodes plated for 60 s exhibit a trans-
mittance exceeding 60% in the red and green light spec-
trums, rendering them semi-transparent. Based on these re-
sults, shorter plating times do not yield significant improve-
ments in transmittance. Conversely, longer plating times ini-
tially result in a substantial decrease in transmittance, falling
below 50%. By considering both electrode surface resis-
tance and transmittance properties, an optimal plating time
of 60 s was determined for the subsequent preparation of
electrodes.

2.3. The Wrinkled Structure

As a common method of forming flexural structures, the pre-
stretch-release method generally involves the deposition of high-
modulus inelastic conductive films on a pre-stretched low-
modulus elastic substrate. When parylene with GPa-level mod-
ulus is deposited directly on a pre-stretched VHB with a lower
modulus of MPa-level, the composite tends to form a sinusoidal
wave shape film during relaxation to dissipate the mechanical
strain. Subsequently, the gold deposited on top of the composite
forms a tightly adherent folded structure. The progressive elon-
gation of the electrodes from their initial length to the predeter-
mined pre-stretch level is illustrated in Figure 3a. After the elec-
trodes were stretched uniaxially to a pre-stretch level of 50% and
returned to their original length, then random folds emerged,
predominantly perpendicular to the direction of pre-stretching.
As the extension continued within the pre-stretching range, the
undulating flexure structure underwent gradual stretching and
flattening. At the same time, the structure retained its intercon-
nected percolation network, thereby maintaining superior elec-
trical characteristics even under higher strains. Figure S4 (Sup-
porting Information) shows the wavelength statistics observed
during the stretching process. The center wavelength gradually
increases, reaching only a few tens of micrometers. This limited
increase in wavelength prevents the occurrence of larger wave-
lengths in the range of a few hundred microns, which are per-
ceptible to the naked eye and can result in macroscopic visual
distortion. Exceeding the pre-stretching degree may result in the
disruption of the conductive pathway, impacting the functionality
of the material as an electrode. Consequently, the degree of pre-
stretching determines the actual elongation. In order to assess
the impact of parylene as an intermediary layer, we compared
the tensile effect of electrodes without parylene, i.e., wrinkled
PDMS/VHB/Au, as shown in Figure S5 (Supporting Informa-
tion). In the absence of parylene, cracks developed on the surface
of the pre-stretched electrodes upon restoration to their original
length. Under uniaxial stretching, the cracks extended parallel to
the stretching direction until reaching a 40% stretching rate. At
this point, the cracks began to close, but still visible. The existence
of cracks in the percolation network influences its integrity and

has a notable effect on electrical conductivity. It is evident that the
incorporation of an intermediate layer is essential for dispersing
mechanical strain, enhancing interfacial adhesion, and promot-
ing modulus matching between the layers.

In the context of the pre-stretch-release method, linear folds
are generated through uniaxial pre-stretching, demonstrating pe-
riodicity in the direction of stretching.[24,26] The fundamental
characteristics, including shape, wavelength, and amplitude of
the resulting flexure structure, are contingent upon the Young’s
modulus, Poisson’s ratio, thickness, and level of pre-stretching
(𝜖pre). The initial wavelength 𝜆0 can be expressed by the follow-
ing equation:

𝜆0= 2𝜋h

(
Ef

3Es

) 1
3

(1)

Ef=
Ef

1 − V2
f

(2)

Es=
Es

1 − V2
s

(3)

where h is the thickness of the top layer with the elastic mod-
ulus Ef and Poisson’s ratio Vf, which is located on a substrate
pre-strained with the elastic modulus Es and Poisson’s ratio Vs,
respectively. Considering the potential delamination or nonlin-
ear stress-strain behavior of the material on the stretchable elastic
substrate, the initial wavelength 𝜆 and 𝜖pre are closely intertwined.
The wavelength equation can be further described as:

𝜆 =
𝜆0(

1+ 𝜀pre

)
(1 + 𝜉)

1
3

(4)

𝜉 = 5
32

𝜀pre

(
1+ 𝜀pre

)
(5)

𝜆 is found to be inversely related to 𝜖pre based on the derivation.
The electron micrographs, wavelength statistical distributions,
and Gaussian fitting curves presented in Figure S6 (Supporting
Information) support these results. Various periodic fold struc-
tures were observed for different 𝜖pre, with 𝜆 decreasing gradually
as 𝜖pre increased from 10% to 30% and 50%. A higher stretch-
ing rate results in a more pronounced shrinkage of the entire
film. In consideration of the constrained intrinsic stretchability
of the VHB/PDMS substrate, the parameter 𝜖pre (0% to 50%) was
constrained to prevent delamination and maintain control over
the wavelengths and shapes. Figure 3b illustrates the fluctuation
in relative resistance of the films under various stretching rates.
Samples coated with parylene at varying 𝜖pre levels maintain sta-
ble relative resistance within their designated pre-stretched inter-
vals, occasionally surpassing the predetermined range. In sharp
contrast, the sample with 𝜖pre of 50% and uncoated parylene ex-
periences challenges in maintaining an effective percolation net-
work of Au during stretching. We stretched the film from 0% to
55% in 5% steps and then back to the original length to form
a stepped load for the stretching cycle test (Figure S7, Support-
ing Information). Consequently, we have effectively fabricated
stretchable electrodes for applications. As illustrated in Figure 3c,
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Figure 3. The stretchable performance of wrinkled Au-parylene-VHB electrodes. a) Schematic and SEM images of the pre-stretched wrinkled electrodes
under different strains from 0% to 40%. b) Normalized resistance changes of different pre-stretched electrodes as a function of strain. c) Stability of the
relative resistance changes of electrodes over 10000 stretching cycles at a strain of 40%.

the electrodes demonstrate resilience to over 10000 consecutive
strain cycles at 40% stretching, with minimal change in relative
resistance.

2.4. Fabrication and Luminescence Principle of ECLD

Figure 4a,b depicts schematic diagrams illustrating the prepara-
tion and structure of the ECLD. It is characterized by a sandwich
structure comprising an electrospinning luminescent layer em-
bedded between two layers of pre-stretched electrodes. Specifi-
cally, the luminescent layer is composed of an electrospinning
Thermoplastic Polyurethane (TPU) film infused with a lumines-
cent solution. It contains a red luminophore [Ru(bpy)3](PF6)2, a
green luminophore [Ir(diFppy)2(bpy)]PF6, dissolved in acetone,
and an ionic liquid [EMIM][TFSI] that facilitates the generation of

ECL. The porous structure depicted in the SEM image (Figure 4c)
serves as a supportive framework to enhance the incorporation
and permeation of the solution. The luminescent solution was
evenly distributed within the electrospinning layer.

In conventional practice, the preparation of the luminescent
layer’s morphology typically involves the spin-coating of an elec-
trolyte gel. However, challenges related to interfacial adhesion
may arise during stretching. To address this issue, we initially
applied the TPU gel layer onto the glass using the spin-coating
technique. The performance of the electrospinning layer on PET
was evaluated in comparison to the performance of the refer-
ence (Figure S8a, Supporting Information). The luminophores
exhibited a more uniform distribution within the electrospinning
layer. The spin-coated electrolyte gel displayed potential draw-
backs such as uneven and uncontrollable thickness. The thin
gel layer was found to be prone to breakage and challenging to
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Figure 4. Fabrication and luminescence principle of ECLD. a) Fabrication of ECLD. (b) The structure of ECLD. c) The SEM images of TPU layer and
optical microscope of ECL light–emitting layer (red) based on electrospinning. d) Principles of ECL. e) PL spectrum of red and green ECL light–emitting
layer. f) Normalized resistance changes of the pre-stretched ECLD with electrospinning and gel as a function of strain.

remove, while the thick gel layer struggled to securely adhere
to the electrode layer due to the tendency of TPU gel to be dry,
impacting the conformal contact between the two layers. Figure
S8b (Supporting Information) displays the optical microscope
image of the green electrospinning luminescent layer, exhibiting
a higher concentration of precipitated particles compared to the
red luminescent layer. It is attributed to the elevated concentra-
tion of the luminescent solution, which makes it difficult to dis-
solve all the luminescent bodies. Furthermore, the incorporation
of PEG into the luminescent solution serves to enhance lumi-
nescence performance by acting as an electrolyte with effective
moisturizing properties. In Figure S9 (Supporting Information),
an increase in the percentage of PEG in the luminescent solution

results in a significant improvement in brightness, particularly at
≈10 wt.% of PEG making the luminescent brightness increase by
more than three times. However, an excessive amount of PEG di-
minishes the percentage of luminescence and impacts the overall
brightness. Consequently, a PEG percentage of 10 wt.% was de-
termined, and solutions with varying luminophore contents were
prepared to assess luminescence performance and optimize so-
lution ratios for enhanced brightness. The device utilizes direct
bonding of the electrode layer and light–emitting layer through
the adhesion of VHB, eliminating the need for an additional
spacer layer. As a result, we obtained ECLDs utilizing red and
green light–emitting layers, designated as ECLD-R and ECLD-G,
respectively.
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The prepared ECLDs can be activated to emit light with an
AC bias voltage of 10 V or lower. The luminescence of ECLDs
is primarily driven by redox reactions. Taking the representative
red luminophore [Ru(bpy)3]2+ as a case, the luminescence pro-
cess can be elucidated as a stage involving electron transfer, ex-
cited state formation, and radioluminescence.[13,19,21] The specific
process is illustrated in Figure 4d: i) before the application of
AC bias, the luminescent material dispersed in [EMIM][TFSI] is
evenly distributed; ii) upon the application of an electric poten-
tial, [Ru(bpy)3]2+ is driven toward the two electrodes to establish
an electric double layer (EDL), leading to the generation of the
redox luminescent material. The reaction process is as follows:

Reduction : Ru
(
bpy

)2+
3

+ e− → Ru
(
bpy

)1+
3

(Cathode) (6)

Oxidation : Ru
(
bpy

)2+
3

− e− → Ru
(
bpy

)3+
3

(Anode) (7)

Taking one of the electrodes as an example, the distribution
of luminophores in the vicinity of the electrode with a negative
bias applied is shown in the schematic. (iii) Slow diffusion of re-
duced luminophores produced at the cathode. When the applied
potential on the electrode is changed to be positive, the oxidized
luminophores are produced much faster than the diffusion of
the original reduced luminophores, and the two are compounded
to undergo electron transfer. (iv) A pair of luminophores in the
ground and excited states is produced by an annihilation reaction:

Annihilation : Ru
(
bpy

)1+
3

+ Ru
(
bpy

)3+
3

→ Ru
(
bpy

)2+
3

+
[
Ru

(
bpy

)2+
3

]∗
(8)

here [Ru(bpy)3
2+]* is the excited emitter. The excited lu-

minophore has the following emission:

Light emission :
[
Ru

(
bpy

)2+
3

]∗
→ Ru

(
bpy

)2+
3

+ h𝜈 (9)

Eventually, the luminescent entity transitions back to its
ground state, emitting photon energy h𝜈 in. Thus, excitation
luminescence occurs at the AC bias without being limited
by the electrode’s work function. Simultaneously, the reduced
Ru(bpy)3

1+ and oxidized Ru(bpy)3
3+ migrate toward the electrode

and bulk due to concentration gradients, reaching a state of rel-
ative equilibrium. The photoluminescence (PL) spectrum of the
electrospinning luminescent layer is depicted in Figure 4e. The
PL spectra exhibit broad emission peaks, with the most intense
peaks at 611 and 528 nm for the red and green samples, respec-
tively. In addition to exciting the luminescent layer, an AC bias
was applied to the device to compare ECLD luminescence with
and without parylene vaporization (Figure S10, Supporting In-
formation). The design mask plate displayed the letters “G” and
“X”. Figure S10a (Supporting Information) illustrates the device
without parylene vaporization, where the gold-plated layers are
clustered in discontinuous islands, resulting in uneven lumines-
cence. Figure S10b (Supporting Information) demonstrates that
the inclusion of a parylene intermediate layer results in a more
consistent and uniform overall luminescence, preventing image
distortion.

ECLDs were fabricated using electrospinning and gel elec-
trolytes. The stress-strain test results presented in Figure S11
(Supporting Information) compare the mechanical properties of
devices with these two luminescent layers. Both sets of devices
exhibit excellent stretchability, with the electrospinning silk de-
vice showing nearly double the elongation at break compared
to the gel device, indicating superior mechanical tensile perfor-
mance. There’s no separation of the electrospinning layer and
the electrode layer during stretching, and the strong interfa-
cial adhesion provided the basis for the electrical and optical
properties to remain insensitive to strain. Figure 4f illustrates
the comparison of relative resistance changes in electrospinning
and gel devices with a 𝜖pre of 50% at various stretching rates.
The electrospinning devices exhibit a consistent resistance sig-
nal ΔR/R0 at slightly above 𝜖pre (60%). In contrast, the gel de-
vices exhibited a progressive increase in relative resistance un-
til the stretching rate reached 𝜖pre (40%), and the rate of change
surpassed 100% at 80% strain. Correspondingly, the ΔR/R0 of
the electrospinning device experienced a change of less than
40% at the same 80% strain, indicating the electrical stability
of the stretchable electrospinning device. The inset depicts the
electrospinning device before and after stretching, revealing no
occurrence of interlayer detachment throughout the stretching
process.

2.5. Properties and Applications of ECLD

Figure 5a illustrates the electroluminescence (EL) spectra of
the ECLD, displaying prominent EL emission peaks at 615 and
551 nm. These peaks closely resemble the PL spectra. However,
the presence of semi-transparent gold at the top electrode intro-
duces a slight deviation in the results. The colors represented in
the EL spectra were further analyzed and plotted on the CIE-1931
chromaticity diagram in Figure 5b, revealing chromatic coordi-
nates of (0.4689, 0.3507) and (0.3584, 0.4477). These coordinates
align with the expected ranges of red-orange and yellow-green
luminescence, respectively. The inset shows the corresponding
light–emitting device. Analysis of the normalized EL spectra of
ECLD-R at peak-to-peak voltages (Vpp) ranging from 6 to 11 V
(Figure 5c), revealed that the luminescence intensity increased
with higher voltages, while the central wavelength remained con-
stant, regardless of the varying AC bias voltages applied. Device
test results corresponding to different luminescent solution ra-
tios prove that the wavelength and corresponding color are ad-
justable under different AC biases (Figures S12 and S13, Sup-
porting Information). Figure 5d provides a detailed comparison
of the modulation effect of different concentrations of lumines-
cent solutions on the brightness of luminescence within the Vpp
range of 0–17 V. In the interval of 0–6 V, the luminous intensity
of the ECLD exhibits a gradual increase, almost invisible to the
naked eye. As Vpp approaches the midpoint of the operational
voltage range, the luminous intensity experiences a rapid escala-
tion with the increment of the applied bias voltage until reach-
ing a state of saturation. Upon surpassing the operational volt-
age threshold, the ECLD momentarily emits a brilliant glow that
swiftly diminishes, indicative of an overexertion of the requisite
voltage for sustaining the reaction, consequently resulting in a
deterioration of the device. Therefore, to ensure the service life,
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Figure 5. Properties of ECLD. a) EL spectrum of ECLD with red and green emission. b) CIE 1931 chromaticity diagram of the ECLD with red and green
emission. c) EL spectrum of ECLD (red) under different applied AC bias. d) Luminance of the ECLD as a function of applied AC bias under different
concentration of luminescent solution. e) Luminance of the ECLD with red and green emission as a function of the applied AC bias. f) Luminance of
ECLD with electrospinning and gel during stretching as a function of strain.

it is necessary to limit the range of applied voltage, which is also
conducive to the stability in maintaining long-term operation.

As the luminophore concentration increases from 6.5 to
15.5 wt.%, the operating voltage range of the ECLD continues
to expand and the brightness increases. At concentrations be-
tween 12.5 and 15.5 wt.%, the peak brightness shows a gradual
increase, while concentrations exceeding 12.5 wt.% lead to the
precipitation of particles on the electrospinning layer’s surface,
hindering further enhancement of the luminophore concentra-
tion. Thus, the concentration of luminophore is maintained at
12.5 wt.%, and the luminous brightness of ECLD-R and ECLD-
G is ultimately regulated by adjusting the luminous frequency
under 100 Hz square wave (Figure 5e; Figure S14 and Movie
S1, Supporting Information). When the operating voltage is sig-
nificantly lower than that of traditional ACELDs, the maximum
brightness of ECLD-R is 27.69 Cd m−2, while the luminous ef-
ficiency of ECLD-G is notably lower at 5.46 Cd m−2. The inset
displays the luminous photographs of ECLD-R and ECLD-G at
various bias voltages. Figure 5f compares the brightness of the
gel and electrospinning devices at different stretching rates (𝜖pre
both set as 50%). The electrospinning device exhibits a slight in-
crease in brightness within a 10% strain range at the beginning of
stretching, relative to its initial brightness. This phenomenon can
be attributed to improved layer-to-layer contact resulting from
stretching at lower strains. At strains ranging from 10% to 50%,
the electrospinning devices can maintain luminescence bright-
ness above 80% of the initial level within the 𝜖pre range, due to

stretchable electrodes with strain-insensitive resistance and an
intermediate luminescent layer that exhibits strong adhesion to
the electrodes. In contrast, the brightness of gel devices exhibit-
ing the same 𝜖pre diminishes progressively, reaching only 20% of
the initial brightness at a strain of 40%. This decline is attributed
to the non-uniform surface of the gel, as well as its lower viscos-
ity compared to the electrospinning layer, resulting in suboptimal
contact with the electrode layer. Conversely, the rough and porous
structure of the electrospinning layer allows for better contact and
performance. So, we use electrospinning devices with better per-
formance in all of our application sections.

Figure 6a illustrates the comparison of ECLD before and af-
ter 40% stretching, indicating that the brightness remains con-
sistent. Through testing mechanical, electrical, and optical sig-
nals during stretching, as well as after 500 stretching cycles, the
brightness can be maintained over 80% (Figure 6b). The inset
displays images of the device at the initial state, 250th cycles,
and 500th cycles, respectively. It is demonstrated the stability of
the electrospinning ECLD and its potential for stretchable lumi-
nescence. Figure 6c is a schematic diagram illustrating the ap-
plication of the ECLD adhered to human skin, maintaining nor-
mal luminescence while following the movement of the skin. To
enhance the versatility of applications in two-dimensions, pre-
stretching involves the addition of stretching in a direction per-
pendicular to the original stretching. The presence of anisotropic
stresses during multi-directional contraction results in a dis-
ordered fold structure Nevertheless, by adjusting the extent of

Adv. Funct. Mater. 2024, 2406434 © 2024 Wiley-VCH GmbH2406434 (9 of 12)
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Figure 6. Applications of ECLD. a) Optical photographs of ECLD before and after stretching. b) Luminance of ECLD during stretching as a function of
stretching cycles at a strain of 40%. c) Schematic of the applications of ECLD. d) Optical photographs of the ECLD with a single digital tube pattern
shown after bending. e) Optical photographs of ECLD including tightly gripping the fist and twisting the wrist.

pre-stretching, we can control the density of folds and imple-
ment this approach in the development of expansive, large-
area stretchable displays. We prepared a biaxial pre-stretched
array, comprising two vertically positioned electrodes arranged
in a staggered manner both transversely and vertically to de-
lineate individual pixel points (Figure S15, Supporting In-
formation). In Figure S15a (Supporting Information), a pre-
stretched electrode is displayed post-fixation and shrinkage.
Figure S15b (Supporting Information) illustrates a 4 × 2
light–emitting array being stretched, with the dynamic pro-
cess captured in Movie S2 (Supporting Information). Through-
out the stretching process, the brightness remains consistently
stable.

Further, we apply the ECLD on the human skin to achieve
a conformal contact. The display pattern of a wrist-worn watch
is simulated, with the seven-segment digitizer determining the
display digits. Figure S16 (Supporting Information) shows the
mask plate pattern for single- and two-digit tubes, while Figure 6d
and Figure S17 (Supporting Information) showcase the prepared
ECLDs, highlighting the device’s flexibility and uniformity. Dur-
ing the movements involving clenching the fist, extending the
arm, and flipping the wrist, the human skin undergoes extension
and contraction to maintain stability in brightness. In Figure 6e,
Figure S18 and Movie S3 (Supporting Information), all seg-
ments of the digital tube are chosen and display the number
“8”, indicating a complete pathway in each section. The device

Adv. Funct. Mater. 2024, 2406434 © 2024 Wiley-VCH GmbH2406434 (10 of 12)
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maintains a consistent luminous intensity and can illuminate
the digital tube to exhibit various numerical values. For instance,
the number “6” is displayed by controlling the activation of the
seven-segment segment selection. Figure S19 (Supporting In-
formation) illustrates a device on the wrist concurrently show-
casing two numerical values, presenting a full display of the
number “80”. The ECLD, functioning as a wearable device, ex-
hibits strong adhesion to the human skin and maintains oper-
ational integrity without delamination when subjected to bend-
ing, thereby offering a novel approach for advancing the de-
sign of wearable electroluminescent devices powered by low AC
voltage.

3. Conclusion

Through in-depth research on electrode design, electrochemical
light–emitting layer, device structure and performance of lumi-
nescence, we have introduced fully-stretchable display devices
based on the ECL principle. The electrode is a metal-polymer
composite structure composed of PDMS/VHB/Parylene/Au.
Upon strain release, it forms a sinusoidal wrinkled structure, ef-
fectively dispersing mechanical strain. The Parylene intermedi-
ate layer addresses the modulus matching issue between metal
and polymer, balancing the transmittance and surface resistance
of the gold-plated electrode. The resistance of the composite
structure remains insensitive to strain, ensuring stable relative
resistance changes during stretching. Our light–emitting layer
features a rough and porous structure achieved through elec-
trospinning, facilitating the uniform infiltration of the lumines-
cent solution. Its photoelectric and mechanical properties sur-
pass those of traditional electrolyte gel. Additionally, the inter-
face between the light–emitting layer and the electrode maintains
close contact without delamination occurring during stretching
or bending. Crucially, the brightness remains stable. In terms of
applications, we have realized a stretchable display of a single
pattern and an array. Our ECLD exhibits effective adherence to
human skin, allowing it to seamlessly follow the body’s move-
ments such as clenching a fist, extending the arm, twisting the
wrist, while maintaining stable display brightness. Above all, as
a new type of flexible light–emitting device, ECLD combines the
unique advantages of electrochemical luminescence with the me-
chanical properties of stretchable materials. It benefits for easy
preparation, simple structure, and large-area preparation at low
cost. Our work provides a new strategy for future fully-stretchable
display driven by low AC bias.

4. Experimental Section
Materials: Polydimethylsiloxane (PDMS, Sylgard 184) was pur-

chased from Dow Corning. VHB (300 μm) was purchased from
3 M Co., Ltd. Thermoplastic polyurethanes (TPU) pellets (75A) were
purchased from Evermore Chemical Industry, Co., Ltd. Polyethy-
lene glycol (PEG, average Mw 400),N,N-dimethylformamide (DMF,
99.9%) and tetrahydrofuran (THF, 99%) were purchased from Shang-
hai Aladdin Biochemical Technology Co., Ltd. Acetone (CH3COCH3,
99.5%) was purchased from Xilong Scientific Co., Ltd. Tris(2,2′-
bipyridine)ruthenium(II) hexafluorophosphate ([Ru(bpy)3](PF6)2
(99%)), (2,2′-Bipyridine)bis[2-(2,4-difluorophenyl)pyridine]iridium(III)
hexafluorophosphate ([Ir(diFppy)2(bpy)]PF6 (97%)) and 1-ethyl-3-
methylimidazolium bis((trifluoromethyl)sulfonyl)imide ([EMIM][TFSI])

were purchased from Shanghai Bide Pharmatech Co., Ltd. All of the
materials were used as received.

Fabrication of the Pre-stretched Wrinkled Electrodes: First, the elastomer
and crosslinker of PDMS were mixed in a 10:1 weight ratio and the mixture
was spin-coated onto a glass using a rotary coater and dried at 70 °C for
2 h. The cured PDMS films were obtained and then peeled off and cut into
strips. The VHB strips were cut into the same shape and pasted onto the
PDMS strips. Then the whole films were pre-stretched by different strains
from 0% to 50%. PET masks were attached to the surface to obtain dif-
ferent patterns. Next, a 1-μm-thick parylene-C layer was deposited on the
pre-stretched films using CVD (MQP-3001, Maggie Nano Technology Co.,
Ltd.). A thin layer of gold was deposited on the parylene layer by magnetron
sputtering (PVD75, Kurt J. Lesker, Ar, 70 W) at different times. After strain
release, the PDMS/VHB/Parylene/Au wrinkled electrodes were prepared.

Fabrication of the ECLD: The TPU pellets were first dissolved in a
solvent with a 1:1 weight ratio of DMF and THF and stirred at 80 °C
overnight. Subsequently, the solution was placed in a syringe for elec-
trostatic spinning at a rate of 1.2 mL h−1. The TPU nanofibers were ob-
tained and cut into rectangles with sides of 3 cm × 2 cm. As an exam-
ple, [Ru(bpy)3](PF6)2(0.2 g), [EMIM][TFSI](1.4 g) were mixed into ace-
tone(2.4 g) and stirred at 60 °C until completely dissolved. At the same
time, the ratios were adjusted to obtain solutions with different contents
of luminophores. Next, the above solutions were immersed into the TPU
nanofibers, and after being completely infiltrated, the nanofibers were put
into a vacuum-drying oven overnight to remove the organic solvent. At
last, the dried ECL nanofibers were sandwiched between two layers of pre-
stretched wrinkled electrodes, relying on the adhesion of the VHB strips
without an extra spacer. Finally, the whole devices were encapsulated with
commercial medical PU tapes (Cofoe Medical Technology Co., Ltd.).

Characterization: The micromorphology of the wrinkled electrodes
was characterized by the field-emission scanning electron microscope (FEI
Nova NanoSEM 450 and SU8020 Hitachi). The electrical response of elec-
trodes and devices during the stretching process was recorded by an elec-
trochemical workstation (Autolab PGSTAT302N Metrohm) and an LCR
meter (E4980A, Agilent). The UV–vis–NIR spectrophotometer (UV-3600
Shimadzu) was used to characterize the transmittance of electrodes. The
PL spectra of ECL nanofibers were characterized by a fluorescence spec-
trometer (FLS980-S2S2-STM), and the EL spectra of devices were charac-
terized by a fiber optic spectrometer (Ocean QE65 Pro). The mechanical
performances of electrodes and devices were characterized using the peel
strength tester (YL-S70) with a stretching rate of 50 mm min−1. Mean-
while, to test mechanical stability, the electrodes and devices were applied
at a dynamic loading of 50% strain by a linear motor.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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