


and more exquisite techniques for the self-healing
process.

LEGO assembly of the self-healable EL devices
From the outstanding healability of the as-fabricated EL

devices, a few EL units can be assembled into one inte-
grated EL system, which realizes a “LEGO” assembly of
light-emitting devices. Every piece of an EL unit after
cutting remains a complete EL unit, which comes in a
smaller size, as the sandwiched configuration of the device
remains, and each layer preserves their properties. Spe-
cifically, the initial EL device was cut into two individual
EL units, namely, EL1 and EL2 (Fig. 5a), and both EL units
properly work without any visible luminance degradation
(Fig. 5b). The “LEGO” assembly process was implemented
by assembling two EL units into a ‘T’ light-emitting
characteristic of the healability of all functional layers in
our EL device (Fig. 5c). We further demonstrated the
conceptual “LEGO” assembly by presenting various EL-
assembled units into a “CITYU” logo with colorful emit-
ting lights (Fig. 5d, S22) by applying ZnS phosphor par-
ticles with different doped elements. This study is the first
study that has reported an arbitrary assembly of light-
emitting devices.

Discussion
This study demonstrated the first self-healable EL

devices, in which all functional layers are healable. The
physicochemical and mechanical properties can be well
restored for both individual layers and full devices even
after experiencing multiple catastrophic damage events
(i.e., dozens of cutting–healing cycles). The performance
restoration is attributed to the rebuilding of hydrogen
bonds during healing in each component layer. As a
result, the issue of fractures induced by mechanical

deformation is addressed and the luminance performance
of the EL device can be subsequently restored with a high
healing efficiency (83.2% for 10 healing cycles at unfixed
spots and 57.7% for 20 healing cycles at a fixed spot). Note
that the novel design of our self-healable EL device can be
readily applied to develop other ionically conductive
healable hydrogels as transparent electrodes and healable
dielectric polymers as phosphor hosting layers, which can
considerably enhance the reliability and vastly broaden
the application of EL devices in wearable and deformable
electronics. In addition, the impressive healability of the
developed EL devices was further evolved to demonstrate
the assembly of a few EL units into one light-emitting
system, namely, the “LEGO” assembly, for the first time.
This assembly protocol is expected to have an economic
role in repairing and replacing light-emitting modules in
complex integrated electronic systems.

Materials and methods
Materials formulation
Unless they were specified, the materials were used as

received without further purification. Polyacrylic (PAA)/
NaCl hydrogel roles as ionic conductor and polyurethane
(PU)/zinc sulfide (ZnS)/boron nitride (BN) nanosheets
composite polymer matrix roles as the phosphor layer.
The hydrogel was synthesized using acrylic acid

(AA; Acrocs Organics, Code: 164250010) as monomers,
N,N-methylenebisacrylamide (MBAA; Aladdin, Code:
M104026) as cross-linkers, and ammonium persulfate
(APS; Acrocs Organics, Code: 401165000) as thermal
initiator. AA and NaCl were dissolved in deionized water
in an ice bath fixed at 5.1M and 4M. APS was added to
the solution by 0.0152, the weight of AA, and MBAA was
added to the solution by 0.0005, the weight of AA. The
solution was vigorously stirred for 30min and degassed in
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Fig. 5 LEGO assembly process of self-healable EL devices. a A complete EL device was cut into two individual EL units. a-i indicates the initial
unworking state, a-ii the working state, and a-iii the cut state. b The as-obtained two EL units in working state. c The as-obtained two EL devices
were assembled into a “T” light-emitting letter. d The assembled light-emitting characters as “CITYU” with different EL units
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a vacuum chamber. The obtained solutions were poured
into a 100 × 100 × 0.4 mm3 glass mold and covered with a
thick glass plate. The mold was deposed in a 70 °C oven
for 40min. This curing mold was wrapped with Al foil
paper to ensure an even heat distribution during the
thermal curing procedure. The obtained PAA hydrogel
was placed in a humid box for 60 h to stabilize the reac-
tions. After the curing step, the PAA was cut into the
designed shapes to act as an ionic conductor for the EL
device.
ZnS phosphor powders were purchased from Shanghai

KPT Co. Hexagonal BN (h-BN) powder was purchased
from Zibo Jonye Ceramic Technologies Co., Ltd., in
Shandong province, China. BN nanosheets were fabri-
cated by liquid-phase exfoliation with the assistance of
an ultrasonic bath KX-1740Q1 at 120W. In a typical run,
1.0 g of pristine h-BN micro-powder was added to 300 ml
of water and sonicated for 5 h. After the sonication, the
whitish suspension was kept constant for 15min, and
then the supernatant was collected via centrifuging at
1500 rpm for 10min while the sediment was disposed.
The hydroxylated BN nanosheets were obtained by
refluxing the BN nanosheets with over-amount hydrogen
peroxide at 100 °C for 12 h. The final product was col-
lected by filtering and then dried at 100 °C prior to future
use.
The carboxylated polyurethane (PU) was synthesized

using polyethylene glycol (PEG; Aladdin, Code: P103731),
3-isocyanatomethyl-3,5,5-trimethylcyclohexyl isocyanate
(IPDI; Aladdin, Code: I109582), dibutyltin dilaurate
(DBTDL, Aladdin, Code: D100274), and dimethylol pro-
pionic acid (DMPA, Aladdin, Code: B104539). A total of
0.62 mmol PEG, 12mmol IPDI, and 0.015 mmol DBTDL
were added to a dried vessel with 50 mL of dimethylfor-
mamide (DMF) at 90 °C oil-bath reaction for 3 h with mild
mechanical stirring in a N2 atmosphere. A total of 8 mmol
DMPA dissolved in 25mL of DMF was slowly added to
the vessel as chain extender and reacted for another 2 h in
the same condition. After the polymerization of PU, the
as-obtained solution was stored for dispersion of ZnS
phosphor powders and hydroxylated BN nanosheets. To
fabricate the PU-based phosphor layer, in a typical run, 1 g
of ZnS phosphor powders and, 0.3 g of hydroxylated BN
nanosheets were added to a 30-mL urethane compound
with mild stirring for 6 h to obtain uniform dispersion of
ZnS powders and BN nanosheets. The mixture solution
was poured into a 30 × 30 × 0.4-mmπ glass mold and
covered with a thick glass plate. The mold was placed flat
in a 70 °C vacuum oven for 12 h, whereas the residual
solvent was evaporated, and the PU matrix was achieved.
To obtain various light-emitting colors, different phos-
phor particles were utilized, where ZnS was doped with
Cu for the green light, ZnS was doped with Cu and Al for
the blue light, and ZnS was doped with Mn for the orange

light. The obtained PU/ZnS/BN composite layer was cut
into the designed shapes to act as a phosphor layer.

EL device fabrication and characterization
The obtained PU/ZnS/BN composite phosphor layer

was sandwiched by two symmetric PAA/NaCl-based
transparent ionic conductors. Before the PAA hydrogel
was stacked onto the dielectric layer, we use mild flows of
nitrogen gases to remove the residual water on the surface
to enhance the adhesion between the PAA and the PU
layer. The EL device was completed by sticking aluminum
conductive tape onto the edge of the PAA electrode to act
as the electric conductive electrode. The morphology of
each component layer and EDX was characterized by a
Hitachi field-emission scanning electron microscope.
Each layer (PAA-based ionic electrode and PU-based
phosphor layer) was freeze-dried for SEM sample pre-
paration. The optical transmittance spectra of the PAA/
NaCl hydrogel was obtained by a UV-visible spectro-
photometer (Varian Cary-50 ConC). The ionic con-
ductivity of the PAA layer was conducted by
electrochemical impedance spectroscopy (CHI 760D),
whereas the ionic conductor was sandwiched between two
ITO glass sheets with the dimensions 1.2 cm × 1.1 cm ×
0.09 cm (length × width × thickness). The capacitance of
the electric double layer and the phosphor layer was
measured with a precision LCR meter (Agilent 4284 A),
where the measured frequency ranged from 100 Hz to
100 kHz. The restoration of the dielectric capacitance of
the PU-based dielectric phosphor layer was evaluated
using a fixed-spot cutting–healing process, where the
fixed spot was repeatedly cut and healed. The mechanical
properties of each layer and the integrated EL device were
characterized by the Zwick Z030 tester. Measurements of
mechanical strength during the cutting–healing cycles of
individual layers and the integrated device were obtained
at unfixed spots. The EL device was driven with alter-
nating voltage by a power amplifier (Trek Model 609E-6)
and a function generator. The emission light intensity and
emission spectra of the device were measured by Spec-
troradiometer PR650. To evaluate the healing efficiency of
the healable EL device, the luminance at marked spots
was measured before and after the cutting–healing pro-
cess at the identical driven voltage. To ensure satisfactory
alignment of each layer, the cut EL units were assembled
with an optical microscope (Olympus BH2).

Theory and mechanisms
The electrical and electro-optical characteristics of EL

phosphor particles are determined by the host (ZnS lat-
tice), and the emission wavelength is determined by the
luminescent center, such as doped elements and defects.
Applied by the high electric field (~10 V/µm), the elec-
trons on the luminescent centers were driven into excited
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states by excited ballistic energy electrons with impact
excitation, and the radiative relaxation of the luminescent
center subsequently occurred. This process is the basic
process for the light emission. At the device level, the ZnS
phosphor particles are embedded in a dielectric PU
matrix, which can block the electrons to tunnel through
the dielectric layer and prevent electrical breakdown at
high fields. Thus, the PU-based phosphor layer is only
capacitively coupled to the externally applied AC voltage.
The capacitive and dielectric properties of the phosphor
layer are crucial for the device performance and stability.
Below the threshold voltage of the dielectric composite
layer to breakdown, our phosphor layer behaves as a
capacitor.
For the small contacting area of the Al electrode and the

PAA ionic conductor, it acts as an electrical double layer
(EDL), where charges are only separated within nan-
ometers; it endows the EDL with large capacitance, where
the capacitance is calculated on the order of 10–1 F m–2.
For the dielectric phosphor layer, the thickness is 400 µm
and the capacitance is on the order of 10–7 F m–2. To
estimate the behavior of the final voltage distributed at the
dielectric layer, we assume that the capacitors as the EDL
and dielectric capacitor are linear and in series; thus,

Q ¼ CEDLVEDL ¼ CPVP ð1Þ

where Q is the amount of capacitively coupled charge, and
C, V are the capacitance and the voltage, respectively, for
the EDL and the phosphor layer, respectively. This
equation indicates that most of the applied AC voltage
will be distributed at the phosphor layer to excite the
phosphor particles. The luminance is determined by the
applied voltage on the phosphor particles. Thus, to sta-
bilize the luminescent performance of EL devices by the
cutting–healing process, the voltage distributed on the
phosphor layer should not vary after healing. According
to equation (1), to stabilize the voltage on the phosphor
layer, the corresponding capacitance should stabilize. The
mean electric field (Em) on the EL cell can be described as
Em=V/t, where t is the thickness of the phosphor layer.
The electric fields on ZnS grains can be described by the
following equation:

EZnS ¼ Em
3εP

2εP þ εZnS � λ εZnS � εPð Þ
� � ð2Þ

where EZnS is the distributed electric field on ZnS parti-
cles; εZnS and εP are the dielectric constant for the ZnS
particles and the dielectric phosphor layer, respectively;
and λ is the fraction of the total volume occupied by the
ZnS particles. According to equation (2), the electric field
on individual particles after healing depends on εP,
whereas parameters such as εZnS, Em, and λ are assumed
to be constant during the cutting–healing process. The

luminance of an EL device after healing can be maintained
as long as the dielectric capacitance and permittivity
remain unchanged.

Calculation of electric field redistribution at healed spots
To obtain the electrical field E

*
¼ �∇U before and after

self-healing, the Laplace equation ΔU= 0 was numerically
solved using the finite difference method, that is, the space
is represented by the grid points (i, j), and the potential at
each grid point can be updated based on its surrounding
potential via the following numerical scheme:

Unþ1 i; jð Þ ¼ ðUn iþ 1; jð Þ þ Un i� 1; jð Þ þ Un i; jþ 1ð Þ þ Unði; j� 1ÞÞ=4

The boundary conditions are as follows: the potential of
the top plate is 100 V, and the bottom top is 0 V. The
distance between two plates is 400 μm prior to self-
healing. After cutting and self-healing, the top plate is
deformed downward by 25μm.
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