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E
very year, fires cause serious property
loss, civilian deaths, and injuriesworld-
wide. Flame-retardant treatment on

combustible materials that can delay igni-
tion and hinder flame propagation is there-
fore necessary to reduce the risk of fires.1,2

Among various flame-retardant materials,
flame-retardant textiles have attracted con-
siderable attention because they are widely
used to manufacturer clothes and soft fur-
nishings, and unmodified textiles are highly
combustible.3�6 Surface modification is an
effective and convenient method of adding
flame-retardant properties to combustible
materials.1,2,7,8 First, most flame retardants
are concentrated at the surface of the pro-
tected textiles to achieve the highest protec-
tion. Second, flame-retardant layers do not
alter the mechanical properties of the pro-
tected textiles. Third, flame-retardant layers
can be purposely integrated with functional
components to achieve multiple functions.
As a surface modification method, layer-

by-layer (LbL) assembly has been recently
proven to be highly useful and flexible in

fabricating flame-retardant coatings on var-
ious substrates.5,9�13 For instance, Grunlan
and co-workers demonstrated the fabrica-
tionof intumescent flame-retardant coatings
on cotton fabric by LbL assembly of polyan-
ions, such as poly(sodium phosphate), and
phytic acid with polycations, such as poly-
(allylamine hydrochloride) and chitosan.5,11

These intumescent flame-retardant coat-
ings, which are usually composed of 10 or
even several tens of deposition cycles of
polycation/polyanion bilayers, can give
fabric a self-extinguishing property by gen-
erating a 3D porous char layer. However,
the flame-retardant components are water-
soluble. As a result, the LbL-assembled flame-
retardant coatings cannot undergo repeated
washings, which greatly hinders their appli-
cation.14 Furthermore, it is also highly desir-
able to fabricate LbL-assembled flame-
retardant coatings in a more efficient way
by largely reducing the number of film
deposition cycles required.15

Superhydrophobic surfaces, on which
water-contact angles are greater than 150�
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ABSTRACT Flame-retardant and self-healing superhydrophobic coatings are fabricated on cotton

fabric by a convenient solution-dipping method, which involves the sequential deposition of a trilayer of

branched poly(ethylenimine) (bPEI), ammonium polyphosphate (APP), and fluorinated-decyl polyhedral

oligomeric silsesquioxane (F-POSS). When directly exposed to flame, such a trilayer coating generates a

porous char layer because of its intumescent effect, successfully giving the coated fabric a self-

extinguishing property. Furthermore, the F-POSS embedded in cotton fabric and APP/bPEI coating

produces a superhydrophobic surface with a self-healing function. The coating can repetitively and

autonomically restore the superhydrophobicity when the superhydrophobicity is damaged. The resulting

cotton fabric, which is flame-resistant, waterproof, and self-cleaning, can be easily cleaned by simple

water rinsing. Thus, the integration of self-healing superhydrophobicity with flame retardancy provides a

practical way to resolve the problem of washing durability of the flame-retardant coatings. The flame-retardant and superhydrophobic fabric can endure

more than 1000 cycles of abrasion under a pressure of 44.8 kPa without losing its flame retardancy and self-healing superhydrophobicity, showing

potential applications as multifunctional advanced textiles.
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and sliding angles are smaller than 10�, exhibit strong
water repellence and possess self-cleaning, antiadhe-
sive, and anticontamination functions.16�21 Thus,
integration of superhydrophobicity with flame retar-
dancy can largely reduce the need for textile launder-
ing and provide a practical way to resolve leaching
flame-retardant components during textile laundering.
Moreover, superhydrophobicity can render cotton fab-
ric waterproof and reduce its surface contamination,
which is useful for designing innovative and higher-
value textiles for applications in harsh conditions.
Fabrication of a superhydrophobic surface requires
the combination of micro- and nanoscale hierarchical
structures with low-surface-energy materials.16 How-
ever, exposure to strong sunlight, chemical oxidation,
or mechanical abrasion can decompose or remove
rough structures and/or low-surface-energy materials,
permanently destroying their superhydrophobicity.22

Recent studies have demonstrated that endowing
superhydrophobic surfaceswith a self-healing capacity
provides a promising way to enhance the durability of
artificial superhydrophobic surfaces.23�26 Our group
has pioneered the fabrication of self-healing super-
hydrophobic surfaces by embedding the healing agent
fluoroalkylsilane in highly rough and porous polyelec-
trolyte films.23,27 Migration of the embedded fluoro-
alkylsilane to the film surface enables autonomic
restoration of the damaged superhydrophobicity. This
strategy has been extended for fabrication of self-
healing superhydrophobic and superoleophobic
fabric.24,28�30 Herein, for the first time to our knowl-
edge, we fabricated intumescent flame-retardant and
self-healing superhydrophobic coatings on cotton fab-
ric using a highly efficient and technically simple
solution-dipping method. The coating consists of a
bilayer of ammonium polyphosphate (APP)/branched
poly(ethylenimine) (bPEI) fabricated by a dipping-
LbL assembly, which is subsequently coated with
fluorinated-decyl polyhedral oligomeric silsesquiox-
ane (F-POSS). When directly exposed to flame, this
trilayer coating generates a porous char layer because
of its intumescent effect, successfully giving the coated
fabric a self-extinguishing property. Furthermore, the
F-POSS embedded in cotton fabric and the APP/bPEI
coating, combined with the micro- and nanoscaled
roughness of the cotton fabric surface, produce a
superhydrophobic surface with a self-healing function.
The flame-retardant and superhydrophobic fabric can
endure more than 1000 cycles of abrasion under a
pressure of 44.8 kPawithout losing its flame retardancy
and self-healing superhydrophobicity. Thus, this fabric
shows potential application as a multifunctional ad-
vanced textile.

RESULTS AND DISCUSSION

An intumescent coating is usually composed of
a carbon source, an acid source, and a blowing agent.

In this work, polycation bPEI and polyanion APP were
employed to fabricate intumescent flame-retardant
coatings on cotton fabric, wherein APP is the acid
source and bPEI is the blowing agent and carbon
source.2,6 Furthermore, bPEI also acts as a binder
between the cotton fabric/APP because bPEI has the
strong electrostatic/hydrogen bonding interactions.
The cotton fabric was immersed in aqueous bPEI
solution (4 mg/mL, pH 9.0) for 20 min to obtain a layer
of bPEI. The fabric was then immersed in aqueous APP
dispersion (20mg/mL, pH 5.6) for 1 h to cover the fabric
with sufficient APP. To show the deposition of APP/
bPEI coating on cotton fabric, the uncoated and coated
fabrics were characterized by scanning electronmicros-
copy (SEM). The fibers of the uncoated fabric are
smooth, as shown in Figure 1a,b. The weave structure
of the cotton fabric was well covered after being coated
with one bilayer of APP/bPEI coating (Figure 1c). The
high-resolution SEM image in Figure 1d clearly shows
that the conformal APP/bPEI coating fully covers the
individual cotton fibers. The APP/bPEI coating is readily
discerned in the slightly exfoliated area. APP particles
attached to cotton fibers are also clearly shown. The
as-obtained APP particles have an average size of
∼15 μm. When dispersed in aqueous solution, APP par-
ticles can hydrolyze to produce small particles of various
sizes ranging from several tens of nanometers to
∼15 μm (Figure S1, Supporting Information). Nega-
tively charged APP particles small in size are preferred
to be assembled on top of the bPEI layer because small
APP particles have a high-surface-charge density and
strong electrostatic interaction with bPEI. This explains
why the APP/bPEI coating has a relatively flat surface.
The low-surface-energy material F-POSS is finally

deposited onto the APP/bPEI-coated cotton fabric to
generate the self-healing superhydrophobicity. A
novel and highly efficient method was developed to
synthesize the F-POSS by the thiol-ene click reaction
between vinyl-POSS and perfluorodecanethiol in the
presence of 2,2-dimethoxy-2-phenylacetophenone
(DMPA) as an initiator,31 as shown in Scheme 1. The
reaction is complete within 5 min under UV irradiation
(Figure S2, Supporting Information). The F-POSS was
deposited by immersing the APP/bPEI-coated cotton
fabric in the F-POSS ethanol dispersion (10 mg/mL) for
4 min. Depositing the F-POSS on top of the APP/bPEI-
coated cotton fabric does not alter the weave structure
of the fabric (Figure 1e). Aside from the molecularly
deposited F-POSS, the enlarged SEM image in Figure 1f
clearly shows that F-POSS aggregates are also depos-
ited on the surface of the APP/bPEI-coated cotton
fibers. These aggregates are required to generate a
surface with dual roughness, which is a prerequisite for
the fabrication of superhydrophobic surfaces. The SEM
images in Figure 1 confirm that a trilayer F-POSS/APP/
bPEI coating can be successfully fabricated on the
cotton fabric by using the solution-dipping method.

A
RTIC

LE



CHEN ET AL. VOL. 9 ’ NO. 4 ’ 4070–4076 ’ 2015

www.acsnano.org

4072

Moreover, the successful deposition of the F-POSS/
APP/bPEI coating was verified by the signals of N, P,
and F in the energy-dispersive X-ray (EDX) spectrum of
the F-POSS/APP/bPEI-coated cotton fabric (Figure S3,
Supporting Information). The cross-sectional SEM

image shows that the F-POSS/APP/bPEI coating fully
covers the individual fibers. The thickness of the
F-POSS/APP/bPEI coating is 246 ( 54 nm (Figure S4,
Supporting Information). Theweight per area of cotton
fabric samples is 118.1( 0.4 g/m2. Three samples were

Figure 1. SEM images of uncoated and coated cotton fabric: (a,b) uncoated fabric; (c,d) APP/bPEI-coated fabric; (e,f) F-POSS/
APP/bPEI-coated fabric; (g,h) F-POSS/APP/bPEI-coated fabric after vertical flame testing.

Scheme 1. Schematic of the synthesis of F-POSS.
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weighted to get an average mass increase after each
layer deposition. The amount of deposited bPEI, APP,
and F-POSS on the cotton fabric is 1.4( 0.1, 22.8( 1.4,
and 15.6 ( 0.4 g/m2, respectively.
The F-POSS/APP/bPEI-coated cotton fabric was sub-

jected to vertical flame testing to evaluate its flame-
retardant properties. The uncoated fabric served as a
control. These fabrics were exposed to a direct flame
for 12 s before removing the flame. Upon exposure to
direct flame, the uncoated fabric ignited immediately
and the flame quickly spread. The flame on the
uncoated fabric was vigorous and bright at 4 s after
ignition, as shown in Figure 2a. The uncoated fabric
was completely burned within 14 s (Figure 2b and
Supporting Informationmovie 1). In contrast, the flame
on the F-POSS/APP/bPEI-coated fabric was suppressed
at 4 s after ignition (Figure 2c). The coated fabric self-
extinguished after the flame source was removed.
After burning, only 10 cm of the fabric became charred
and turned black, whereas most of the top of the fabric
remained intact (Figure 2d and Supporting Information
movie 2). Therefore, the F-POSS/APP/bPEI coating gave
the cotton fabric the flame-retardant property by
producing a protective char layer. The charred fabric
was observed by SEM to study the flame-retarding
mechanism. The SEM image in Figure 1g shows that
the F-POSS/APP/bPEI-coated fabric in the burned area
maintained the fabric structure and integrity well.
Additionally, the surface of the burned fiber was
covered with a dense char layer of bubbles and
became very rough (Figure 1h). EDX spectra indicate
that the relative content of P in the char layer was
significantly higher than that in the F-POSS/APP/bPEI
coating before the combustion test. The disappear-
ance of fluorine in the charred layer shows that the
fluorine in the F-POSS was consumed and vaporized
during combustion (Figure S3, Supporting Information).

The porous char layer was produced because of the
intumescent effect, which leads to swelling and ex-
pansion of the F-POSS/APP/bPEI coating during
burning.5,10 For the F-POSS/APP/bPEI-coated fabric,
the cellulose in cotton works as the carbon source,
APP as the acid source, and bPEI as the blowing agent
and carbon source. When exposed to fire, APP cata-
lyzed the dehydration of the carbon source of cellulose
and bPEI and led to char formation. The decomposition
of the blowing agent releases inert gases that foam the
forming char to generate a swollen and porous char
layer. This char layer acts as a barrier to heat, fuel, and
oxygen transfer, thereby effectively protecting the
underlying cotton fabric from fire spread.5,6 Therefore,
the intumescent effect of the APP/bPEI coating during
combustion gives the coated fabric excellent flame-
retardant ability. We believe the silsesquioxanes in the
F-POSS can work as inorganic fillers to reinforce the
intumescent char layer.
Depositing low-surface-energy F-POSS on top of the

APP/bPEI-coated cotton fabric creates a superhydro-
phobic surface. After being coatedwith the F-POSS, the
flame-retardant fabric has a water-contact angle of
∼160� and a sliding angle of ∼4� (Figure 3a). Water
droplets readily roll off this type of fabric surface.
Therefore, the F-POSS/APP/bPEI-coated fabric is water-
proof and self-cleaning because water cannot wet
the fabric and the rolling water droplets can remove
dust from the fabric. The bending rigidity values of
the uncoated and F-POSS/APP/bPEI-coated fabric are
4.3� 10�2 and 9.2� 10�2 cN 3 cm

2/cm, respectively. In
comparison, the bending rigidity values of the com-
mercial fire-retardant fabric and daily used fabrics
for jeans and shirts (bought from local market) are
measured to be 314.2� 10�2, 81.3� 10�2, and 11.8�
10�2 cN 3 cm

2/cm, respectively. The gas permeability
values of the fabric decrease from 971.4 to 467.9 mm/s
after being coated with F-POSS/APP/bPEI coating. The
permeability values of commercial fire-retardant fabric
and jean fabric are measured to be 1.2 and 35.3 mm/s.
These results indicate that the F-POSS/APP/bPEI-coated
fabric still has satisfactory flexibility and gas perme-
ability for practical use. This is because, on the one
hand, the F-POSS/APP/bPEI coating only has a thick-
ness of 246 ( 54 nm, and on the other hand, the
coating wraps the individual fibers but does not com-
pletely block the interstices between them (Figure 1e,f).
The self-healing superhydrophobicity of the coated
fabric was then examined by etching it with O2 plasma.
This process decomposes the F-POSS on the surface of
the coated fabric, as sunlight can do when the super-
hydrophobic cotton fabric is for outdoors use. As
shown in Figure 3a, the superhydrophobic cotton
fabric became superhydrophilic after O2 plasma etch-
ing, confirming that the surface F-POSS was etched
away and that hydrophilic bPEI and APP polyelectro-
lytes were exposed. After the O2-plasma-etched cotton

Figure 2. Vertical flame testing images of the uncoated and
coated cotton fabric: (a) uncoated fabric recorded at 4 s
after ignition; (b) uncoated fabric after vertical flame test-
ing; (c) F-POSS/APP/bPEI-coated fabric recorded at 4 s after
ignition; (d) F-POSS/APP/bPEI-coated fabric after vertical
flame testing.
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fabric was left in a slightly humid environment with a
relative humidity (RH) of∼35% for∼1 h (Figure 3b), the
fabric regained its original superhydrophobicity.
Therefore, the F-POSS/APP/bPEI-coated cotton fabric
not only can retard the flame but also can autonomi-
cally heal the damaged superhydrophobicity. Figure 3a
shows that the damaging/healing process can be
repeated at least 10 times without obviously decreas-
ing the original superhydrophobicity of the coated
fabric. The self-healing of the superhydrophobic cot-
ton fabric is dependent on the damaging/healing
cycles, with the healing process gradually becoming
slower with the repetition of damage/healing cycles
(Figure 3c). The full restoration of the superhydropho-
bicity takes∼4 h under a 100% RH environment at the
tenth damaging/healing cycle. These results suggest
that the durability of the self-healing ability of the
superhydrophobic fabric enables its long-term appli-
cation. The self-healing ability originates from the
embedded healing agent F-POSS in the APP/bPEI-
coated cotton fabric. During the deposition, the
F-POSS not only deposited on the fabric surface but
also diffused into the APP/bPEI coating and the under-
lying cotton fabric. Once the top layer of the F-POSS on
the coated fabric surface decomposes, the surface of
the APP/bPEI-coated fabric becomes hydrophilic,
which drives the embedded perfluorodecanyl chains
of the F-POSS tomigrate to the coating surface to lower
its surface energy. In this way, the damaged super-
hydrophobicity of the cotton fabric is repaired.23,27

Previously reported self-healing superhydrophobic
fabric, in which the hydrophobic healing agent is
directly embedded in the fabric, requires heat treat-
ment or takes a long time under room temperature to

heal damage.24 By comparison, the superhydrophobic
fabric reported here easily and rapidly heals damage
because the hydrophilic APP/bPEI coating expels the
embedded hydrophobic perfluorodecanyl chains of
the F-POSS to speed up its migration to the coating
surface.
The durability of the flame-retardant and self-healing

superhydrophobic cotton fabric was examined by
repeatedly rubbing the coatings with a cylindrical
copper under an applied pressure of 44.8 kPa. After
1000 cycles of rubbing, the SEM images in Figure 4a,b
clearly show that some of the fibers in the coated
cotton fabric are broken. The water-contact angle and
slide angle on the rubbed cotton fabric decreased to
∼153 and ∼6�, respectively, which was still superhy-
drophobic. The rubbed fabric was etched with O2

plasma to examine the influence of rubbing on the
self-healing superhydrophobicity of the cotton fabric.
The surface of the rubbed and O2-plasma-etched
cotton fabric can also restore its superhydrophobic
property after being transferred to an ambient envi-
ronment with 35% RH for ∼4 h, which is four times
longer than that used to repair the nonrubbed cotton
fabric (Figure 3b). The damaging/healing process of
the rubbed cotton fabric can be repeated more than
eight times in a 100% RH environment (Figure 3d).
Furthermore, the healing process becomes slowerwith
increasing damaging/healing cycles. This result demon-
strates that the rubbed cotton fabric still retains its self-
healing superhydrophobicity. The flame-retardant
ability of the F-POSS/APP/bPEI-coated fabric after
1000 cycles of rubbing was also investigated. The
rubbed area, with a length of 20 cm from the bottom,
is marked with a rectangle in Figure 4c. As indicated in

Figure 3. (a) Water-contact angle changes of the F-POSS/APP/bPEI-coated fabric upon repeated O2 plasma etching (1) and
self-healing (9). Inset: Shapes of water droplets (5 μL) of the as-prepared (top left), O2-plasma-etched (bottom), and healed
(top right) cotton fabric. (b) Time required for the as-prepared and rubbed F-POSS/APP/bPEI-coated fabric to restore its
original superhydrophobicity under a 35% RH environment at the first etching�healing cycle. (c,d) Time required to restore
superhydrophobicity versus the number of etching�healing cycles for as-prepared (c) and rubbed (d) cotton fabric under a
100% RH environment.
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Figure 4d, the flame spread for 13 cm from the bottom
of the fabric at 4 s after ignition. However, the fabric
self-extinguished immediately after the removal of the
flame. The top section of the rubbed cotton fabric was
unburned (Supporting Information movie 3). There-
fore, the flame-retardant and self-healing superhydro-
phobic F-POSS/APP/bPEI coatings on the cotton fabric
show excellent durability against repeated rubbing.
This result suggests that the flame-retardant APP/bPEI
coating and the hydrophobic F-POSS might penetrate
deeply into the fibers of the cotton fabric, which
enables the preservation of the flame-retardant and
self-healing superhydrophobic functions of the fabric
even under heavy scratching.

CONCLUSION

In conclusion, we have demonstrated the first fabrica-
tionofflame-retardant and self-healing superhydropho-
bic cotton fabric by using a convenient solution-dipping
method that involves the sequential deposition of
a trilayer of bPEI, APP, and F-POSS. The resulting

multifunctional cotton fabric is flame-resistant, water-
proof, and self-cleaning.Onebilayer of bPEI/APP coating
is sufficient to provide an efficient char layer on cotton
fabric to extinguish flame because of the intumescent
effect. The humidity-driven migration of embedded
F-POSS in bPEI/APP-coated fabric enablesmultiple heal-
ing of the damaged superhydropobicity of the fabric,
which significantly prolongs the lifespan of superhydro-
phobicity. The as-prepared flame-retardant and self-
healing superhydrophobic cotton fabric exhibits satis-
factory durability against repeated abrasion for practical
application. The self-healing superhydrophobic cotton
fabric can be readily cleaned with simple water rinsing,
whichprovides a practicalway to resolve theproblemof
washing durability of flame-retardant coatings. The
present fabrication method of durable, intumescent
flame-retardant, and self-healing superhydrophobic
cotton fabric is technically simple and cost-effective.
Webelieve that thismethodcan alsobeapplied toother
fabrics to enrich the fabrication of innovative textiles
and extend their applications.

METHODS

Materials. bPEI (Mw ≈ 25 000), 1H,1H,2H,2H-perfluorodeca-
nethiol, and DMPA were purchased from Sigma�Aldrich. Vinyl-
POSS was purchased from Shenyang Amwest Technology
Company. APP (n > 1000) was purchased from Shenzhen
Ruihong Chemicals Co., Ltd. Cotton fabric was supplied by
Qinling Mountains Cloth Company. All chemicals were used
without further purification.

Synthesis of F-POSS31. Perfluorodecanethiol (0.32 mL) and
initiator DMPA (6 mg) were added to a solution of vinyl-POSS
(0.1 g) in dichloromethane (1.5 mL) at room temperature. After
UV irradiation for 5 min, white precipitates were produced.
These precipitates were collected and washed repeatedly with
dichloromethane. Finally, the precipitates were dried in an oven
at 60 �C. Detailed Fourier transform infrared spectroscopy (FTIR)
spectra of F-POSS are shown in the Supporting Information.

Coating Fabrication. Cotton fabric was first immersed in an
aqueous solution of bPEI (4mg/mL, pH 9.0) for 20min to deposit
a layer of bPEI. After being washed with deionized water, the
bPEI-coated fabric was squeezed to remove the adsorbed
water. The bPEI-coated fabric was then immersed in aqueous
APP dispersion (20 mg/mL) for 1 h followed by water washing.
After the APP/bPEI-coated fabric was dried in an oven at 60 �C to
completely remove the adsorbed water, the flame-retardant
fabric was obtained. To give the flame-retardant fabric the self-
healing superhydrophobicity, the APP/bPEI-coated fabric was
finally immersed in ethanol dispersion of F-POSS (10mg/mL) for
5 min to adsorb sufficient F-POSS onto the resultant fabric.
The F-POSS/APP/bPEI-coated fabric was finally dried in an oven
at 60 �C.

Coating Characterization. FTIR spectra were obtained using a
Bruker IFS 66 V spectrophotometer. The digital images of films
were captured by a Sony Cyber-shot DSC-H10 camera. The SEM

Figure 4. (a,b) SEM images of the F-POSS/APP/bPEI-coated cotton fabric after 1000 cycles of abrasion. (c�e) Vertical flame
testing images of the F-POSS/APP/bPEI-coated cotton fabric after 1000 cycles of abrasion: (c) abrasion area on the F-POSS/
APP/bPEI-coated cotton fabric ismarkedwith a rectangle; (d) fabric recorded at 4 s after ignition; (e) fabric after vertical flame
testing.
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images were obtained under an XL30 ESEM FEG scanning
electron microscope. Energy-dispersive X-ray spectra were
obtained on an EDAX Genesis 2000 X-ray microanalysis system
attached to an XL30 ESEM FEG SEM. Water-contact angle
measurements were performed with a Drop Shape Analysis
System DSA10-MK2 (Kruess, Germany) at ambient temperature
with a 5 μL water droplet as the indicator. The bending rigidity
of the fabrics were tested on a Kawabata Evaluation System
(Kyoto University, Japan). The gas permeability of the fabrics
was examined on a fabric air permeability tester (YG461E,
Wuhan Guoliang Instrument Co., Ltd., China) under a 100 Pa
pressure drop.

Flammability and Antiabrasion of Fabric. A vertical flame test was
performed on uncoated and coated cotton fabric with a size of
8 cm � 30 cm using an automatic vertical flammability cabinet
(CZF-3, Jiangning Nanjing Analytical Instrument Co., Ltd.). The
fire from a gas burner was applied on the tested fabric for 12 s
and then removed. The abrasion test was performed using a
commercial abrasion tester (YB571-III, Wenzhou Darong Textile
Instrument Co., Ltd.). A cylindrical copper with a diameter of
16 mm repeatedly scratched the fabric with a speed of 30 cm/s
under an applied pressure of 44.8 KPa (Figure S5, Supporting
Information).
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