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Self-healing materials have the ability to repair damage
caused by mechanical usage over time. The demand for self-
healing materials is rapidly growing because they may have
longer lifetimes and lower production costs.[1] Among various
self-healing materials, self-healing coatings capable of endow-
ing the underlying substrates with desired properties and
protecting the substrates against damage or corrosion are
indispensable in daily life.[2] Generally, self-healing of materi-
als can be achieved in different ways. One frequently
employed approach for extrinsic self-healing materials is the
release of healing agents compartmentalized in microcapsu-
les[2c,3] or microvascular networks[2b,4] by crack propagation.
Intrinsic self-healing materials achieve repair through the
inherent reversibility of chemical bonds and physical inter-
actions between the damaged interfaces, for examples,
reversible covalent bonds, noncovalent bonds, and molecular
diffusion.[1e] Interest in intrinsic self-healing materials has
been growing,[5] because they require no incorporation of
healing agents; this avoids many of the intractable problems
associated with healing agents, such as complicated pre-
embedding processes, compatibility, and controlled and
sustained release.[1e,f, 3a] However, the fabrication of intrinsic
self-healing materials, especially those with satisfactory
mechanical properties and capable of autonomic repair of
severe damage, remains an ongoing challenge. The fabrica-
tion of intrinsic self-healing coatings is even more challenging
than production of the corresponding bulk healing materials,
because strong binding from the underlying substrates
restricts the migration of the molecular components across
damaged areas, and therefore restricts healing of the coatings.

Layer-by-layer (LbL) assembly, which involves alternate
deposition of species with complementary chemical interac-
tions, is a substrate-independent method for the fabrication of
various kinds of coatings with controlled properties.[6] Recent
studies have shown that LbL assembly is promising for
fabricating extrinsic self-healing coatings.[7] In a previous
publication, we observed that grooves on polyelectrolyte
multilayer (PEM) films created by room-temperature
imprinting using patterned molds could be erased by swelling
the films in water.[8] This observation suggests that defects

such as pits on PEM films caused by pressing can be healed in
water. Lyon and South first demonstrated the concept that
LbL-assembled hydrogel thin films deposited on poly(di-
methylsiloxane) elastomers could undergo rapid healing of
micrometer-sized defects when exposed to water.[9] Despite
these achievements, LbL assembly for the fabrication of
intrinsic self-healing coatings is still in its infancy, because the
self-healing mechanism is unclear, and preparation by LbL
assembly of robust PEM coatings capable of healing severe
damage is still a challenge. Herein, we present a facile
exponential LbL assembly method for the rapid fabrication of
intrinsic self-healing PEM coatings. The as-prepared PEM
coatings are mechanically robust under ambient conditions,
but can be softened to flow and bring the damaged surfaces
into intimate contact in the presence of water. Autonomic
healing of severe damage on the coatings can therefore be
realized by simply immersing the coatings in water or
spraying water on the coatings. The self-healing mechanism
and the fundamental parameters governing the healing ability
of the coatings are clarified.

PEM coatings with autonomic repairing abilities are
fabricated by alternately dipping substrates in aqueous
solutions of branched poly(ethylenimine) (bPEI) (Mw

� 750 000, 4 mgmL�1, pH 10.5) and poly(acrylic acid) (PAA)
(Mw� 450 000, 4 mgmL�1, pH 3) for 15 min each time, with
intermediate washing with water to remove physically
adsorbed polyelectrolytes. PEM coatings with n deposition
cycles are denoted as (bPEI10.5/PAA3)*n, where the pH
values of bPEI and PAA are given next to their names. The
thicknesses of bPEI10.5/PAA3 coatings with different num-
bers of deposition cycles, determined from their correspond-
ing cross-sectional scanning electron microscopy (SEM)
images, are shown in Figure 1a. The bPEI10.5/PAA3 coatings
exhibit a typical exponential deposition behavior in the initial
15 deposition cycles, and thereafter a rapid linear growth with
an increment of approximately 1.8 mm per deposition cycle.
The bPEI10.5/PAA3 coatings grow rapidly to reach a thick-
ness of (34.1� 3.3) mm after 30 deposition cycles. The LbL
deposition of bPEI/PAA coatings is largely dependent on the
pH of the polyelectrolyte dipping solutions. As shown in
Figure 1b, the growth rate of (bPEI6.5/PAA3)*n coatings
significantly decreases when the pH of the bPEI dipping
solution decreases from 10.5 to 6.5. A (bPEI6.5/PAA3)*300
coating has a thickness of (29.4� 2.9) mm. bPEI conjugated
with fluorescein isothiocyanate (FITC) (bPEI-FITC) and
PAA conjugated with lucifer yellow cadaverine (LYC) (PAA-
LYC) were deposited as the top layers of bPEI/PAA coatings,
and their diffusion into the coatings was characterized by
confocal laser scanning microscopy (CLSM) (Figure 1c–f). It
can be clearly seen that PAA can diffuse throughout the
entire (bPEI10.5/PAA3)*30.5 and (bPEI6.5/PAA3)*300.5
coatings, but bPEI has a much deeper diffusion depth in the
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(bPEI10.5/PAA3)*30 coating than in the (bPEI6.5/
PAA3)*300 coating. The rapid exponential LbL deposition
of the bPEI10.5/PAA3 coatings is ascribed to “in-and-out”
diffusion of bPEI and PAA during the coating fabrication
process. The “in-and-out” diffusion mechanism for the
exponential growth of LbL-assembled polyelectrolyte films
was first proposed by Picart, Lavalle, and co-workers,[10] and
further verified by others.[11] The ionic charge density of
bPEI6.5 is higher than that of bPEI10.5 because bPEI is easily
protonated in solutions of low pH. Therefore, the bPEI6.5/
PAA3 coatings are believed to have a higher ionic cross-
linking density than bPEI10.5/PAA3 coatings have. The
configuration adopted by bPEI6.5 in the dipping solution is
more extended than that adopted by bPEI10.5. As a result,
the diffusion of bPEI6.5 in bPEI6.5/PAA3 coatings is partially
blocked, which explains why the deposition of bPEI6.5/PAA3
coatings is slower than that of bPEI10.5/PAA3 coatings.
CLSM images also demonstrate that the diffusion of bPEI is
more sensitive than the diffusion of linear PAA to the pH of
the dipping solution and structure of the bPEI/PAA coatings.

The self-healing abilities of the as-prepared bPEI/PAA
coatings are largely dependent on their structures, which are
governed by the pH of the polyelectrolyte dipping solutions.
The scanning electron microscope (SEM) images in Fig-
ure 2a–f show the self-healing process of a damaged
(bPEI10.5/PAA3)*30 coating on a silicon substrate. The
(bPEI10.5/PAA3)*30 coating is compact and has intimate
contact with the underlying silicon substrate. Cuts roughly
50 mm in width, which penetrated to the silicon surface, were
made using a scalpel (Figure 2a,b). Obvious healing of the
cuts was observed after the damaged coating was immersed in
water for 10 s (Figure 2c,d). However, complete healing of
the cuts usually takes about 5 min, as indicated in Figure 2e,f.
Cuts approximately 50 mm wide can also heal within 5 min
when water is sprayed on the damaged coating. Remarkably,

when the damaged coating in Figure 2a was placed in an
environment with a relative humidity of 100 % at room
temperature, healing of the coating was completed within 1 h.
The self-healing abilities of the bPEI10.5/PAA3 coatings are
thickness-dependent. To repair a cut roughly 50 mm in width
that penetrates to the substrate, the bPEI10.5/PAA3 coating
must have at least 25 deposition cycles, which corresponds to a
coating thickness of (24.5� 2.4) mm (see the Supporting
Information). Generally, traditional LbL assembly is time-
consuming for fabricating micrometer-thick polyelectrolyte
coatings. Exponential LbL assembly overcomes the short-
comings of traditional LbL assembly and provides a rapid way
of fabricating coatings with water-enabled self-healing. In a
control experiment, a slowly deposited (bPEI6.5/
PAA3.0)*300 coating of thickness (29.4� 2.9) mm failed to
heal cuts approximately 50 mm wide, even when the damaged
coating was immersed in water at room temperature for 24 h
(Figure 2g,h).

Cyclic voltammetry (CV) was used to further confirm the
self-healing of the damaged (bPEI10.5/PAA3)*30 coatings in
water. In a conventional three-electrode electrochemical cell,
an indium–tin–oxide(ITO)-coated glass substrate with a
(bPEI10.5/PAA3)*30 coating served as the working elec-
trode. A mixture of n-tetrabutylammonium hexafluorophos-
phate (TBAPF6) (0.1 mol L�1) and acetonitrile was used as the
electrolyte solution. Ferrocene (1 � 10�3 molL�1) dissolved in
TBAPF6/acetonitrile electrolyte solution was used as a probe.
As shown in Figure 3, a pair of obvious oxidation–reduction
peaks corresponding to the oxidation/reduction of ferrocene
is observed in the CV curve of the unmodified ITO substrate.
However, no current is detected in the CV curve of the ITO
substrate covered with a (bPEI10.5/PAA3)*30 coating (detec-
tion limit� 10�5 A), indicating that the (bPEI10.5/PAA3)*30

Figure 1. a,b) Thicknesses of bPEI10.5/PAA3 (a) and bPEI6.5/PAA3 (b)
coatings as a function of the number of deposition cycles. c–f) Charac-
terization of dye-labeled polyelectrolyte diffusion in bPEI10.5/PAA3
(c,d) and bPEI6.5/PAA3 (e,f) coatings by laser scanning confocal
microscopy. c,e) (bPEI10.5/PAA3)*30 (c) and (bPEI6.5/PAA3)*300 (e)
coatings with a top layer of bPEI-FITC. d, f) (bPEI10.5/PAA3)*30.5 (d)
and (bPEI6.5/PAA3)*300.5 (f) coatings with a top layer of PAA-LYC.
The arrows indicate the actual coating thickness.

Figure 2. Visual observation of (bPEI10.5/PAA3)*30 and (bPEI6.5/
PAA3)*300 coatings with cuts 50 mm wide after different times of
immersion in water. a–f) The (bPEI10.5/PAA3)*30 coating immersed
in water for 0 s (a,b), 10 s (c,d), and 5 min (e,f). g,h) The (bPEI6.5/
PAA3)*300 coating immersed in water for 0 s (g) and 24 h (h).
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coating is compact and impermeable to ferrocene. When cuts
roughly 50 mm wide were made on the (bPEI10.5/PAA3)*30
coating using a scalpel, currents corresponding to the
oxidation/reduction of ferrocene on the ITO substrate were
again detected. The currents are low because the cuts occupy
only a limited fraction of the total area of the coating on the
ITO substrate. No current was detected for the ITO substrate
after the damaged (bPEI10.5/PAA3)*30 coating had been
immersed in water for 5 min, confirming that a compact
coating impermeable to ferrocene is recovered. The electro-
chemical tests confirm that the damaged (bPEI10.5/
PAA3)*30 coating is perfectly healed in water.

The mechanical properties of the (bPEI10.5/PAA3)*30
and (bPEI6.5/PAA3)*300 coatings under dry conditions and
equilibrated in water were measured by atomic force
microscopy (AFM) indentation to understand the self-healing
mechanism of the (bPEI10.5/PAA3)*30 coatings in water.[12]

The indentation loading curves of the (bPEI10.5/PAA3)*30
coating under dry conditions (25% relative humidity, 25 8C)
and equilibrated in water are presented in Figure 4, curves a
and b. The slope in the contact parts of the indentation
loading curve, which is indicative of the stiffness of the
coating, decreased significantly when the (bPEI10.5/
PAA3)*30 coating was immersed in water, indicating that
the coating is significantly softened in water. The (bPEI6.5/

PAA3)*300 coating is also softened in water but to a lesser
extent, as shown by the fact that the slope of the indentation
loading curve in water decreases slightly compared with that
under dry conditions (Figure 4, curves c and d). It is notable
that under ambient conditions with 25% relative humidity, a
water layer exists on both the coating surface and AFM tip.
When the AFM tip approaches the coating surface, capillary
forces can cause the AFM tip to jump into contact with the
coating, which leads to downward deflections in curves a and
c in Figure 4. Based on the indentation loading curves, the
Young�s moduli of the coatings can be calculated using a
classic Hertz model (see the Supporting Information).[13] The
(bPEI10.5/PAA3)*30 coatings under dry conditions and in
water have Young�s moduli of (11.8� 2.1) GPa and (0.44�
0.10) MPa, respectively. The Young�s modulus of the
(bPEI10.5/PAA3)*30 coatings in water is more than 26000
times lower than that under dry conditions. In contrast, the
Young�s moduli of the (bPEI6.5/PAA3)*300 coatings in air
and in water are (16.6� 4.3) GPa and (0.19� 0.06) GPa,
respectively. Immersion in water decreases the Young�s
modulus of the (bPEI6.5/PAA3)*300 coatings by a factor of
87. The LbL-assembled PEM coatings can generally absorb
water because they have an ionic cross-linking network
structure and polyelectrolytes are hydrophilic in nature.[14]

The exponentially growing (bPEI10.5/PAA3)*30 coatings
have a higher diffusion of polyelectrolytes and a lower ionic
cross-linking density than the slowly deposited (bPEI6.5/
PAA3)*300 coatings have. The (bPEI10.5/PAA3)*30 coatings
are therefore more easily swollen in water than the (bPEI6.5/
PAA3)*300 coatings are. When a dried (bPEI10.5/PAA3)*30
coating with cuts or incisions is immersed in water, the highly
swollen and softened coating has a strong tendency to flow to
fill in the gaps caused by the damage. The polyelectrolytes on
the fractured surfaces come into contact and become
intermixed through the electrostatic interaction of freely
charged groups in the fractured surfaces. In this way, the
damage to the (bPEI10.5/PAA3)*30 coating is repaired. A
previous study showed that two substrates coated with PEM
films adhere strongly in the presence of water; this demon-
strates the strong tendency of polyelectrolytes to interdiffuse
at the contacted interface.[15] In contrast, the (bPEI6.5/
PAA3)*300 coating, with a higher ionic cross-linking density,
is slightly swollen by water, and cannot flow long distances to
repair damage.

The self-healing abilities of the exponentially growing
bPEI10.5/PAA3 coatings originate from the high flowability
of the coatings and the interdiffusion of polyelectrolytes at the
fractured surfaces in the presence of water. These properties
endow such coatings with the following advantages as
intrinsic self-healing materials. 1) Full healing of the damaged
coatings can be conveniently accomplished by immersing the
coatings in water or spraying water on the coatings. Treatment
with water is more easily available than other methods, such
as light irradiation or thermal treatment, as a means of
healing the damaged coatings. 2) The processes of damaging
and healing can be repeated multiple times to heal recurrent
damage in the same area. Cuts roughly 50 mm in width are
hardly seen after the cutting–healing process has been
repeated five times on a (bPEI10.5/PAA3)*30 coating in the

Figure 3. Cyclic voltammograms recorded for ferrocene
(1 � 10�3 molL�1) in acetonitrile (0.1 molL�1 TBAPF6) on ITO electro-
des. a) Unmodified ITO electrode, b) ITO electrode deposited with a
(bPEI10.5/PAA3)*30 coating, c) ITO electrode in (b) with cuts roughly
50 mm wide made on the coating. d) ITO electrode in (c) after the
electrode had been immersed in water for 5 min. The scan rate is
0.05 Vs�1. For clarity, the scale on the y axis for curves b, c, and d was
multiplied by 10.

Figure 4. Representative deflection–displacement loading curves of
bPEI/PAA coatings under dry conditions and in water. a,b) The
(bPEI10.5/PAA3)*30 coating under dry conditions (a) and in water (b).
c,d) The (bPEI6.5/PAA3)*300 coating under dry conditions (c) and in
water (d).
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same area (see the Supporting Information). 3) The self-
healing of the coatings is independent of the waiting time
after damage. Cuts on the (bPEI10.5/PAA3)*30 coating were
completely healed even when the damaged coating was first
stored in an ambient environment with a relative humidity of
20–25% at room temperature for 7 d and then immersed in
water to conduct the self-healing (see the Supporting
Information). The bPEI10.5/PAA3 coatings therefore do
not need to be repaired immediately after damage appears.
This is quite different from the case with self-healing
supramolecular rubber derived from ditopic and tritopic
molecules associated by hydrogen bonds, whose self-healing
ability decreases with waiting time.[5b] The flowability-based
healing mechanism means that the healing abilities of the
coatings are thickness-dependent because a thicker coating
can flow to heal a wider cut. It is worth noting that the high
Young�s modulus of (11.8� 2.1) GPa for (bPEI10.5/
PAA3)*30 coatings under ambient conditions implies that
the coatings are mechanically stable enough for practical use.
The high Young�s modulus of the (bPEI10.5/PAA3)*30
coatings benefits from the high molecular weight of the
bPEI and PAA building blocks. Most importantly, the concept
of exponential LbL assembly of self-healing polyelectrolyte
coatings is applicable to the fabrication of other kinds of self-
healing coatings. For example, exponential LbL assembly of
bPEI (Mw� 25000, 4 mg mL�1, pH 10.5) and hyaluronic acid
(HA) (Mw� 800000, 4 mgmL�1, pH 3) led to the successful
fabrication of self-healing bPEI10.5/HA3 coatings with
smooth surfaces.[16] The (bPEI10.5/HA3)*50 coatings have
an average thickness of (36.6� 1.4) mm. AFM indentation
measurements reveal that the (bPEI10.5/HA3)*50 coatings
under dry conditions and equilibrated in water have Young�s
moduli of (10.5� 2.5) GPa and (17.7� 5.3) kPa, respectively.
The (bPEI10.5/HA3)*50 coatings can heal cuts roughly 50 mm
wide within 5 min when immersed in water, with a self-healing
behavior similar to that of (bPEI10.5/PAA3)*30 coatings (see
the Supporting Information).

In summary, we have demonstrated that intrinsic self-
healing polyelectrolyte coatings can be rapidly fabricated by
exponentially growing LbL-assembled polyelectrolyte multi-
layers. The repair of cuts with widths and depths of several
tens of micrometers on these coatings can be conveniently
accomplished by immersing the coatings in water or spraying
water on the coatings. Moreover, the self-healing of the
polyelectrolyte coatings, which is independent of the waiting
time after damage, can be repeated multiple times in the same
area. We clarified that LbL-assembled polyelectrolyte coat-
ings of high flowability in water are important for achieving
the water-enabled self-healing function. The self-healing
mechanism revealed in this study can be used in the design
of various kinds of self-healing polyelectrolyte coatings, and
these are expected to be useful in the production of protecting
layers, biomaterials coatings, and display devices.
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