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Graphene Oxide Exoskeleton to Produce Self-Extinguishing,
Nonignitable, and Flame Resistant Flexible Foams: A
Mechanically Tough Alternative to Inorganic Aerogels

Federico Carosio, Lorenza Maddalena, Julio Gomez, Guido Saracco, and Alberto Fina*

The potential safety hazard associated to commonly used flame retardant
chemicals generates a strong demand for new, sustainable, and high per-
forming solutions to reduce the fire threats of widespread polymer foams.

In this work, the production of self-extinguishing, nonignitable, and flame
resistant flexible polyurethane foams by means of simple layer-by-layer
assembly of graphene oxide nanoplatelets is reported. The process builds a pro-
tective exoskeleton that completely wraps the complex 3D structure of the foam
and is capable of stopping flame spread in flammability tests and preventing
ignition when exposed to heat fluxes typical of developing fires. In addition,
treated foams are found able to withstand the penetration of a flame torch,
successfully protecting the unexposed side from thermal decomposition

for more than 6 min. The outstanding temperature gradient greater than

500 °C cm™! achieved through the foam thickness makes the performances of
these foams comparable to those of a silica aerogel, while maintaining excellent
flexibility and toughness. The results reported in this paper represent a tre-
mendous opportunity for the production of a novel class of organic and flexible
foams, capable of ensuring unprecedented fire safety properties while relying
on an easy, green, and straightforward approach to material design.

properties associated to this class of mate-
rials. Indeed, their low density, very low
acoustic and/or heat transfer, make them
optimal solutions for applications in civil,
residential, and industrial buildings. Fur-
thermore, flexible and soft foams provide
comfort when used for furniture or seats
cushioning employed in houses or trans-
portations. Unfortunately, their inherent
organic nature poses severe risks of fire
as they can ignite very easily and burn
at a high rate, due to their low density,
which statistically makes polymer foams
one of the first items to be ignited during
a fire.!! For this reason, flame retardant
(FR) chemicals are normally employed
to ensure the safety of humans in public
buildings, industries and transports.?
However, in recent years the increasing
societal awareness for potential toxico-
logical and environmental risks associ-
ated to the use of some of the most widely

1. Introduction

Nowadays, polymer foams are widely employed in a various
applications such as packaging, furniture cushioning and insu-
lator materials. This is related to the unique set of advantageous
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used and performing FR chemicals has

led to the attempt of partial substitu-
tion with safer products and sometimes even to their reduc-
tion or removal from polymer formulations.?# This inevitably
increased the risk of fire events that can be extremely devastating
as demonstrated by recent events.”! For the mentioned reasons,
researchers have been working on the development of novel
foams characterized by improved flame retardant properties
using nanotechnology by means of green routes. To this aim,
freeze-casting techniques have been widely exploited for the
construction of rigid low density foams characterized by either
random or oriented structures.®) The produced foams normally
contain an organic matrix such as alginates or nanocellulose
and a large volume fraction of inorganic nanoparticles such as
layered double hydroxide, sodium montmorillonite, kaolin, and
sepiolite.’~1% This composition and unique structure normally
allows self-extinguishing properties and very low heat release
rates during combustion making them superior to commer-
cially available rigid foams. However, the use of ice-templating
techniques is rather limiting for what concerns the processing
time and foam size, eventually representing a big constrain
to possible industrial applications. Another approach is rep-
resented by the surface nanostructuration of foams by means
of the layer-by-layer (LbL) deposition.'’"13] This technique
allows to target open cell foams, including the most common
and highly flammable polyurethane (PU) foams, ubiquitous

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Schematic representation of the deposited LbL assembly. PU foams are alternatively dipped in cationic polyelectrolyte solution and negative
graphene oxide nanoplatelets suspension. Each cycle deposits a bi-layer (BL), the process is repeated in order to deposit 3BL and 6BL.

in buildings and transportation.'¥ Indeed, the LbL approach
offers a versatile and straightforward tool for the assembly of
nanostructured coatings with precise composition and through
thickness preferential orientation thus achieving a sort of exo-
skeleton on the complex 3D structure of the foam.!'>1l The
selected coating constituents are assembled on the surface of
a substrate by sequential adsorption from aqueous based solu-
tions/suspension in template assisted assembly fashion.[!”]
Beside foams, this technique has been also used to produce fire
retardant fabrics and thin films demonstrating a direct depend-
ence between the achieved properties and the assembly condi-
tions such as pH, ionic strength and molecular weight.'¥-22 As
far as foams are concerned, it has been demonstrated that the
incorporation of nanoparticles within the assembly is an almost
mandatory condition in order to achieve the best fire retardant
properties.l'® Most developed LbL systems achieve substantial
reductions in burning rates whereas only few can grant, at the
cost of a high number of deposition steps, the suppression of
flame spread.?>?¥! This limits the applicability and potential of
LbL treated PU foams and suggests that a scientific breakthrough
is needed to unveil the true potentialities of LbL in producing
flexible foams well beyond the state of the art. Thus, in contrast
with previously reported research, in the present paper we report
the use of LbL assembly for the production of PU foams charac-
terized by never reported before flame retardant and fire resistant
properties. To this aim highly oriented nanostructured films
encompassing graphene oxide nanoplatelets (GO) have been
assembled on the 3D internal structure of PU foams producing
a fire proofing exoskeleton as schematically depicted in Figure 1.
Graphene related materials are known to be promising
building blocks for the construction of advanced materials.?5-2°!
In particular GO has been successfully exploited in water based
processes for the production of flame retardant films and
foams.3%32 In this work, we exploit the electrostatic interac-
tion occurring between negatively charged GO nanoplatelets
and a synthetic positively charged strong polyelectrolyte, the
poly(diallyldimethylammonium chloride) (PDAC). The LbL
assembly has been first evaluated revealing a linear growth that
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is further improved in terms of thickness per deposited layer
by the inclusion of a phosphate salt. This PDAC/GO system
can conformally coat every surface of the PU foam resulting
in a protecting exoskeleton comprising highly oriented GO
nanoplatelets. Only 3 BL assembled in modified ionic strength
conditions can suppress flame spread in flammability test and
completely prevent foam ignition during cone calorimetry tests.
Treated foams are also found able to withstand the penetra-
tion of a flame torch resulting in fire resistance performances
similar to those achievable with a completely inorganic silica
aerogel. This paper represents a tremendous opportunity for
the development of fire safe flexible foams.

2. Results and Discussion

2.1. Coating Growth by Fourier Transformed-Infrared (FT-IR)
Spectroscopy

First of all, the spectra of neat components were evaluated
and are reported in Figure S2 (Supporting Information) while
Table S2 (Supporting Information) collects the detailed list
of signals. PDAC shows the main characteristics bands asso-
ciated to C—H bonds in CH, (3020 and 1472 cm™) and CHj;
(2944 and 2871 cm™) and N—C bonds (1145 cm™).**l Signals
ascribed to adsorbed water are recognizable as well at 1640 cm™!
(OH bending) and the broad band centered at 3400 (O—H
stretching). Neat GO spectrum evidences the presence of oxi-
dized groups with bands at 1725, 1627, and 1054 cm™! that
can be related to COOH, COO~, and C—O, respectively.**
Hydroxyl groups are also visible in the range between 3400 and
3000 cm™. On the other hand, neat ammonium phosphate
dibasic (APD) yields signals ascribed to N—H* and N—H vibra-
tions in NH,* at 3300-3030 and 1410 cm ™, respectively as well
as to phosphate groups P=0, PO;*~, P—O at 1260, 1080, and
900 cm™!, respectively.l*”!

The LbL growth of PDAC/GO system under 0 and 0.5M
ionic strength conditions was monitored by FT-IR spectroscopy.

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Characterization of the build-up of PDAC/GO at 0 a,c,e) and 0.5M b,d,f) APD on model Si substrate: a,b) FT-IR spectra in the 1850-900 cm™'
region during LbL growth; c,d) evolution of the signals ascribed to COOH and COO™ as function of bilayer number and e,f) FE-SEM micrographs of

10 BL cross-section on Si wafer.

Figure 2 reports the resulting 3D projection of restricted IR
region, the intensity of the peaks ascribed to COOH and
COO plotted as a function of BL number and the cross section
images of the 10BL coating imaged by FESEM.

When PDAC and GO are LbL assembled together their charac-
teristic IR peaks add up in spectra that grows in intensity as the
number of deposited bilayers is increased thus confirming the
occurrence of a LbL growth (Figure 2a). The most intense peaks
are ascribed to GO indicating its greater abundance with respect
to PDAC in the assembly. By plotting the intensity of COOH
and COO~ signals as a function of BL number it is possible to
devise a linear growth regime for the assembly. The incorpora-
tion of APD in the GO suspension is responsible for a change
in the IR signals observed. Indeed, as reported in Figure 2b,
GO signals ascribed to COO™ groups strongly increase in inten-
sity while the COOH peak is considerably reduced to a shoulder
of the main peak centered at 1624 cm™!. This is explained by the
alkaline nature of APD, that promotes the conversion of GO
carboxyl groups to ammonium carboxylates.’*37] In addition,
as already reported in LDL systems assembled at modified
ionic strength,¥ the presence of N—H and P=O signals
(1434 and 1260 cm™!, respectively) suggests that phosphates
and ammonium ions remain incorporated in the assembly
as counterions for PDAC and GO, respectively. Despite the
change in the COOH/COO" ratio, a linear growth regime was
obtained for both formulations, as demonstrated by intensity

Adv. Mater. Interfaces 2018, 5, 1801288 1801288 (3 Of9)

versus BL number plots in Figure 2d. Nevertheless, the pres-
ence of APD in the GO suspension allows for the deposition
of a thicker (= +70%) coating as pointed out by cross-section
FESEM images of Si wafers coated by 10 BL assembled at unmod-
ified and modified ionic strength (Figure 2e,f, respectively). The
layered structure of the coating comprising GO nanoplatelets
held together by PDAC is apparent for both assemblies. From the
above mentioned observations it is therefore proved that the pres-
ence of APD promotes the deposition of thicker coatings. This
is achieved, in accordance with previously reported literature, on
one hand by allowing the deposition of stacked GO nanoplate-
lets due to the change in ionic strength and on the other hand by
incorporating the salt within the assembled structure.?238]

2.2. Morphology of the Coating on PU Foams

Both the assemblies studied before have been deposited on
neat PU foams aiming to a total of 3 and 6 BL. The resulting
changes in surface morphology have been imaged by FESEM.
Figure 3 reports micrographs of modified foams in comparison
with the pristine one.

Neat PU displays a typical open cell structure with cell walls
characterized by an even and smooth surface (Figure 3a).
The LbL deposition completely changes the micrometer-scale
morphology of the foam without blocking the pores thus

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. SEM micrograph of untreated and LbL treated PU foam: a) neat PU, b) 3BL, ¢) 3 BL 0.5M, d) 6 BL, e) 6 BL 0.5M, and f) detail and schema-

tization of coating on the foam edge.

keeping unaltered its macroscopic nature as observable from
low magnification micrographs in Figure S3 (Supporting Infor-
mation). Indeed, the LbL assembled PDAC/GO homogenously
coat every surface available resulting in a conformal coating that
extends through the entire thickness of the foam (Figure 3b-e).
This occurs after 3 BL and can be ascribed to the initial surface
activation step and the high aspect ratio of the employed GO.
The thickness of the deposited coating increases by increasing
the number of deposited BL and its maximized by the presence
of APD in the GO suspension in agreement with what observed
on model Si surfaces (compare Figure 3b with ¢ and Figure 3d
with e). This suggests a good stability of the water swelled
deposited layers that can survive the mechanical deformation
imparted to the foam during the deposition process and yield a
steady coating build up in agreement with what already reported
in the literature.?®) Furthermore, a few crystals can be observed
on top of the coating (Figure 3c,e), likely related to the excess of
salt in the solution, as suggested by the presence of phosphorous
in their elemental analysis. Elemental analyses further prove
that phosphates are also found embedded within the coating
(Figure S4, Supporting Information). In addition, it is worth
noting the high flexibility of employed GO nanoplatelets that are
able to bend over submicronic radii in order to follow the PU
complex geometry as imaged and schematized in Figure 3f.

2.3. Flame Retardancy Characterization

The flame retardant properties of prepared foams have been
thoroughly evaluated by means of flammability and cone
calorimetry tests. These two tests provide a complete set of
information concerning the contribution of a material in
either initiating a fire (exposure to a small flame, flammability)
or contributing to its growth (exposure to a heat flux, cone

Adv. Mater. Interfaces 2018, 5, 1801288 1801288 (4 of 9)

calorimetry). Figure 4 summarizes collected data while Tables S3
and S4 (Supporting Information) report numerical parameters
registered during the tests.

The application of a small flame to unmodified PU foam can
easily set it on fire. The flames rapidly propagate to the entire
sample causing the formation of incandescent/flaming droplets
of molten polymer that fall underneath the sample and ignite
the dry cotton (Figure 4a). This phenomenon is known as melt-
dripping and it is a typical fire threat of synthetic polymers as
the flaming droplets can easily spread the fire to other ignit-
able items, thus detrimentally contributing to fire growth. The
presence of the LbL coatings completely changes this behavior.
Indeed, 3 and 6 BL coatings assembled at unmodified ionic
strength are capable of suppressing the melt dripping behavior
and completely maintain the original shape of the foam. The
flame spread to the entire length of the sample but are con-
fined only on the surface of the sample as evidenced by cut-
ting the cross section of the samples at the end of the tests.
This is also confirmed by the high residues obtained (60 and
78 wt% for 3 and 6 BL, respectively) point out that the flame
self-extinguishes before being able to completely decompose
and volatilize the underlying PU. On the other hand, coatings
assembled at modified ionic strength are capable of not only
suppressing the melt dripping, but also completely preventing
flame spreading by self-extinguishing the flame within 5-10 s
after flame application. Subsequent and prolonged flame appli-
cations cannot ignite the sample again. For this reason the final
residues are as high as 98-99%. Cone calorimetry tests have
been performed to evaluate the reaction to the exposure to a
heat flux typical of fires in early stages (35 kW m™2). The expo-
sure to such heat flux quickly triggers the PU foam decompo-
sition processes with the release of highly flammable volatiles
gases that lead to sample ignition and flaming combustion
measured as heat release rate versus time plot (Figure 4c).

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Flame retardant characterization of untreated and LbL treated foams: a) snapshots from flammability tests, b) average residues after
flammability tests, c) heat release rate versus time plots, d) average peak of heat release rate and final residue, and e) flame retardant performance

comparison with previously reported materials.

The PU foam quick ignition followed by its structural collapse
creates a pool of low viscosity liquid with a steeply increase in
the heat release rate that reaches its maximum value (pkHRR
= 322 kW m™2). The foam is almost completely consumed by
combustion leaving a residue accounting for 1-2% of the orig-
inal mass and related to minor charring and/or the presence of
solid additives in the PU (Figure 4d). The deposition of 3 BL at
unmodified ionic strength can prevent the foam structural col-
lapse after ignition and considerably reduce the pkHRR values
by 60%. Unexpectedly, all the other samples showed no ignition
at all during the whole test. Clearly, the exposure to 35 kW m™
still triggers the PU decomposition with release of flam-
mable volatiles; however, the concentration of such volatiles
remains below the lower flammability limit and thus ignition
cannot occur. Such impressive behavior is totally unexpected
for organic materials and it has been never reported for PU
foams thus representing a dramatic increase in the fire safety
of prepared foams. All nonigniting foams yielded a coherent
residue that maintained the original dimensions of the starting
sample also displaying a certain degree of mechanical resist-
ance by maintaining shape and structural integrity when
compressed by 13 g cm™? (Figure S5a—f, Supporting Infor-
mation). In order to better highlight the importance of the
achieved results, a comparison with previously reported LbL
coating comprising inorganic nanoplatelets, natural polysac-
charides or carbon nanotubes for foam flame retardancy is
presented in Figure 4e.?32440-%] The reduction in heat release
rate peak as function of deposited layer number is evaluated;
the ability to self-extinguish the flame and prevent its spread
to the entire surface of the sample during flammability tests is
also accounted for (red or green symbols). What is apparent is

Adv. Mater. Interfaces 2018, 5, 1801288 1801288 (5 Ofg)

that, although a substantial reduction (60-70%) of pkHRR can
be easily achieved, a minimum number of 10 deposited layers
are needed to achieve self-extinguishing behavior during flam-
mability tests. Conversely, in the present work we demonstrate
how 3BL (7 deposited layers) can self-extinguish the flame in
flammability tests and prevent ignition during cone calorimetry
tests: a unique set of properties never reported before.

2.4. Post Combustion Residue Analysis

All treated foams yielded a self-supported residue at the end
of cone calorimetry testing (Figure S5, Supporting Informa-
tion). Their microstructure and chemical composition have
been investigated by means of SEM, Raman and attenuated
total reflectance (ATR)-IR spectroscopy in order to investigate
the evolution of the PDAC/GO assembly during combustion.
SEM images and Raman spectra are collected in Figure 5 while
Figures S6 and S7 (Supporting Information) collect low mag-
nification SEM micrographs and ATR-IR spectra, respectively.
From an overall point of view, the morphology of the res-
idue closely resembles the one of the uncombusted samples.
The presence of a compact hollow structure comprising GO
nanoplatelets is apparent. This exoskeleton, similarly to the
original LbL coating, wraps the entire 3D structure of the
original PU foam that was volatilized during the testing. Its
thickness and structural integrity increase by increasing the
number of deposited BL and by moving from unmodified to
modified ionic strength. The 3 BL that ignited during the test
shows the formation of small cracks in the above mentioned
structure. Such cracks might have compromised the integrity of

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Post combustion residue analysis. SEM micrographs of: a) 3 BL, b) 3 BL 0.5M, c) 6 BL, and d) 6BL 0.5M). Raman spectra €) of LbL treated

PU foam residues after cone calorimetry.

the coating and thus reduced its flame retardant efficiency. On
the other hand, the residues from nonigniting samples appear
undamaged indicating that an increase in coating thickness is
beneficial in terms of flame retardant performances. Raman
spectroscopy performed on the residues reveal the presence of
two characteristic signals, known as G and D bands naturally
present in the original GO (Figure S1, Supporting Informa-
tion), clearly visible at 1590 and 1350 cm 1[0 In addition,
interbands D*, D”, and D’ are also responsible of the width
and intensity of D and G bands.*’l The evaluation of the ratio
between the area underneath the G and D bands provides
useful information about the quality of the carbon structure.
Indeed, as reported in the literature, the D band is normally
associated to number, type and distance between defects and
crystallinity of sheets and is employed to evaluate the quality of
graphene-based material.*®l The starting GO had a D,/G, ratio
of 1.08 that is increased for all the samples after combustion
tests due to char formation reactions of both PU and PDAC (see
values in Figure 5e) accordingly with residue values reported in

Adv. Mater. Interfaces 2018, 5, 1801288 1801288 (6 of 9)

Table S4 (Supporting Information). The occurrence of ignition
and the presence of phosphate salts (a well-known charring
agent)* appear to provide competing char forming effects on
PU and PDAC eventually resulting in different D,/G, ratios.
Indeed, 3 and 6 BL at unmodified ionic strength achieve the
highest and lowest ratios, respectively whereas samples at mod-
ified ionic strength fall within these values. ATR spectroscopy
confirms the presence of conjugated C=C bonds (1570 cm™)
as well as C=0 (1730 cm™) and P—O—C (1085 cm™) bonds,
these latter only visible for samples prepared at modified ionic
strength (Figure S7, Supporting Information).*!

The reported data clearly demonstrates the construction,
upon temperature increase, of a stable structure comprising
GO embedded in a charred matrix. The formation of this latter
is promoted by the presence of phosphates embedded within
the LbL coating. The resulting structure acts as an efficient bar-
rier to heat and volatiles while also mechanically sustaining the
PU foam and preventing its collapsing thus resulting in a tre-
mendous FR effect.

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.5. Flame Penetration Tests

Self-extinguishing and nonigniting samples have been selected
for flame penetration tests. This test evaluates the resistance
of the foam to the penetration of a flame focused on one side
of the sample and reproduces a larger scale test normally
employed to evaluate the fire resistance of composites con-
taining a relatively high fraction of inorganic filler. During the
performed small scale tests a square sample is positioned in a
ceramic frame; one side is then exposed to a butane flame torch
positioned at 50 mm which result in a surface temperature of
about 950 °C. Two thermocouples monitor the temperatures on
both the exposed and unexposed side. A schematization of this
test layout is reported in Figure 6 along with temperature pro-
files and snapshots taken during the tests for 6 BL at modified
ionic strength in comparison with a silica aerogel. Figure S8
(Supporting Information) collects snapshots of untreated PU
and 3 BL 0.5M as well as the temperature profiles for this latter.

The unmodified PU foam is immediately destroyed by the
flame torch and the tests only lasts for few seconds (Figure S8,
Supporting Information). Conversely, the 3 BL 0.5M samples
can withstand the penetration of the flame, while effectively
shielding the unexposed side of the foam from high tempera-
ture. During the test, the sample is gradually consumed by
the impinging flame that eventually manages to pierce trough
after an average of 90 s. The 6 BL 0.5M coating tremendously
improves the foam resistance, by preserving the structure
for more than 6 min (Figure 6b) and keeping the unexposed
side temperature (plateau of 104 °C) well below the limit for
its thermal degradation, (Figure 6c¢). This indicates a tempera-
ture drop from the exposed side of 850 °C with a temperature
gradient greater than 500 °C cm™. These performances were

a b gBLO.5SM

Ceramic frame
Sample

Flame torch

T front
thermocouple

T back
thermocouple

Silica aerogel
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compared with those of a silica aerogel that is notoriously
known as an extremely efficient thermal insulating material.
During the flame penetration tests, the aerogel shows the for-
mation of small cracks on the surface directly exposed to the
flame. A plateau of 102 °C on the unexposed side points out a
temperature drop similar to the 6 BL 0.5M samples although
this is achieved with thinner samples (1 vs 1.5 cm for aerogel
and treated PU foams, respectively). However, it has to be noted
that aerogels are also extremely brittle and rigid, unable to
withstand even minimal mechanical deformations, while the
LbL coated PU foams obtained in this work retain their high
flexibility and elasticity as reported in Figure 6d and Videos S1
and S2 (Supporting Information). This comparison further
highlights the impressive results achieved by our novel coated
organic foam, possessing a set of physical properties that may
outperforms conventional inorganic aerogels.

3. Conclusions

The present paper reported the preparation of self-extin-
guishing, nonignitable and flame resistant open cell
polyurethane foams, via thin coating with a multilayered nano-
exoskeleton comprising graphene oxide nanoplatelets deposited
with a layer-by-layer approach. The inclusion of a phosphate
salt within the LbL deposition has been proven to increase
the thickness of the deposited coatings and confer additional
flame retardant features to the coated foams. Only 3BL depos-
ited at modified ionic strength are required to achieve self-extin-
guishing behavior during flammability tests and completely
prevent ignition during cone calorimetry tests. These results
outperform those of previously reported LbL assemblies on PU

Cc
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300
200
100 ]

T front
T back 6 BL 0.5M
T back Silica Aerogel

Temperature [°C]

U104 -]

Py s
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Figure 6. Flame penetration tests: a) schematic representation of the layout adopted for the test, b) digital pictures of the 6 BL 0.5M and silica aerogel
front surface during the test, and c) front and back side temperatures as a function of time for 6 BL 0.5M and silica aerogel. d) simple bending test

performed on 6 BL 0.5M foam and silica aerogel.
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foams achieving a new standard in flame retardancy proper-
ties. Microstructural and chemical composition changes in the
coated foams have been investigated highlighting the mecha-
nism behind such impressive results. Mechanical reinforce-
ment of the foam structure and the control over the release
of flammable volatiles has been identified as the main flame
retardant mechanisms controlling PU foam burning behavior.

In addition, foams coated by 6 BL at modified ionic strength
have been found capable of withstanding the penetration of an
impinging flame torch (T surface =950 °C), successfully insu-
lating the unexposed side of the sample which temperature
remained <100 °C for the whole duration of the test. These
results proved these novel coated PU foams to be an efficient
and sustainable alternative to the state of the art inorganic aero-
gels in terms of heat shielding. Furthermore, the excellent flex-
ibility and toughness outperforms the inorganic aerogels, in all
the application subject to mechanical deformations, vibration
and impact.

In conclusion, the easy, sustainable, and industrially viable
process proposed paves the way to the development of a new
generation of materials based on graphene capable of greatly
improving the fire safety of flexible foams employed in uphol-
stered furniture and packaging (transports, buildings), sound-
proofing in buildings (theatres/cinemas, public rooms) and
industrial applications (engine compartments, compressors,
etc.).

4. Experimental Section

Materials: Commercially available PU foam with a density of 18 g dm™3
and thickness of 15 mm was purchased from a local warehouse. In
order to remove dust an processing residues, PU foam samples were
washed with deionized water and dried in oven at the temperature of
80 °C. PDAC (average M,, 400 000-500 000, 20 wt% in H,0), polyacrylic
acid (PAA, solution average M,, =100 000, 35 wt% in H,0), branched
poly(ethylene imine) (BPEI, M,, =25 000 by laser scattering, M, =10 000
by gel permeation chromatography, as reported in the material
datasheet) and APD were purchased from Sigma-Aldrich (Milano, Italy).
GO were prepared by AVANZARE Innovacion Tecnologica (Navarrete
-La Rioja, Spain) as 1 wt% suspension in water. The description of GO
preparation is reported in the supporting information file and Figure S1
(Supporting Information) reports the Raman spectrum of prepared GO.
18.2 MQ ultrapure water supplied by a Q20 Millipore system (Milano,
Italy) was used for the preparation of the solutions and suspensions
employed in this work. BPEI and PDAC solutions were employed at
0.1 wt% while PAA was diluted to T wt%. GO suspension was diluted to
0.5 wt%; APD 0.5 m was added to the GO suspension in order to modify
ionic strength. All solutions and suspensions were kept under magnetic
stirring at room temperature for at least 12 h.

Layer-by-Layer Deposition: Si wafer ((100), single side polished) was
employed as model substrate in order to monitor the LbL growth by
FT-IR spectroscopy. In order to prime the surface and prepare it for the
LbL deposition, Si wafers were dipped for 10 min in the BPEI (positive
charge) solution followed by 10 min in the PAA solution (negative charge).
This pretreatment activates the substrate with a negative charge
and mimic the procedure employed on PU foams. After this surface
activation, the Si wafers were alternately dipped in the PDAC solution and
GO suspension thus allowing for the alternate deposition of positively
and negatively charged layers on the substrate.'l The dipping time
for the first adsorbed bilayer (i.e., one PDAC/GO pair) was set to
5 min; subsequent layers were obtained after 1 min. After each
deposition step (including the first BPEl and PAA deposition), the Si
wafer was washed by static dipping in ultrapure water for 1 min and
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then dried using dust- and oil-filtered compressed air. IR spectra were
collected in transmission mode on dried samples after each deposition
step, up to 10 BL. This procedure was employed to monitor the assembly
of the PDAC/GO and PDAC/GO_0.5M_APD systems. Prewashed PU
foams were first exposed to the PAA solution in order to activate the
surface due to hydrogen bonding between the urethane groups and the
undissociated carboxylic groups (the degree of dissociation of PAA in
1 wt% is averagely below 5%). Then, PU foams were alternatively dipped
into the positive polyelectrolyte solution positively (PDAC) and the
negatively charged nanoplatelets suspension (GO or GO_0.5M_APD)
and washed with ultrapure water after each deposition. During each
deposition and washing step the foams were vigorously squeezed
several times in order to impregnate the foam complex structure
with the employed solution/suspension or washing water. Dipping
times were kept consistent with the ones employed for Si wafers. The
process was repeated in order to deposit 3 or 6 BL. At the end of the
LbL deposition, the treated foams were dried to constant weight in a
ventilated oven at 80 °C. In the followings 3BL denotes a sample coated
with 3BL of the PDAC/GO assembly while 3BL 0.5M denotes a sample
coated with the PDAC/GO 0.5M APD assembly. The mass gain was
evaluated by weighting the samples before and after the LbL deposition
and is reported in Table S1 (Supporting Information).

Characterization: A FT-IR spectrometer (Perkin EImer mod. Frontier,
32 scansions, 4 cm™' resolution) was used to monitor the growth of
the LbL assembly on model Si wafer surfaces following the procedure
described above. The cross section of Si wafers and the surface
morphology of untreated and LbL-treated PU foams were evaluated by
FESEM (Zeiss Merlin 4248, beam voltage: 5 kV). Si wafer were simply
broken by mechanical stress (bending) in order to obtain the coating
cross section as a consequence of the Si fragile fracture. PU foams
were cut into small pieces (=10 x 10 x 5 mm?). Samples were pinned
up on conductive adhesive tapes and chromium coated prior to FESEM
observations.

The morphology and chemical composition of post combustion
residues was investigated using a LEO-1450VP Scanning Electron
Microscope equipped with a X-ray probe (INCA Energy Oxford, Cu
Ko X-ray source, k = 1.540562 A). Beam voltage was set to 5 kV for
imaging and to 20 kV for elemental analyses. The samples positioned
on conductive tape were gold coated prior to observation. Flammability
tests were performed in horizontal configuration by applying a 20 mm
blue methane flame on the short side of specimen (50 x 150 x 15 mm?®)
positioned on a metallic grid, accordingly with ASTM D 4986 standard.
The flame was first applied for 3 s; when self-extinguishment occurred a
second flame application of 6 s was performed. The test was repeated
on 3 different samples for each coating composition. During the test the
formation of incandescent droplets of molten polymer (melt dripping)
was evaluated by placing dry cotton underneath the sample. The final
residue was evaluated by weighting the sample before and after the
test. Cone calorimetry (Fire Testing Technology,) was employed to
investigate the combustion behavior of 50 x 50 x 15 mm? specimens
under 35 kW m~2 radiative heat flux. Measurements were performed
four times for each formulation evaluating time to ignition (TTI), peak
of heat release rate (pkHRR), total heat release (THR), total smoke
release (TSR,) and final residue. Average values are presented with their
experimental deviations. Prior to flammability and cone calorimetry
tests, all specimens were conditioned at 23 + 1 °C for 48 h at 50% R.H.
in a climatic chamber. Flame penetration test was performed in order
to assess the resistance of coated samples to penetration of a 150 W
flame generated from a butane flame torch. The test was carried out by
placing square specimens (50 x 50 X 15 mm?®) in a ceramic frame, held
in vertical configuration, and applying the flame toward the specimen
center. The torch, positioned at 50 mm distance from the surface of the
specimen, was applied continuously for 5 min. The temperature profiles
on the front side surface (exposed to the flame) and on the back side
of the specimen were measured by two thermocouples (stainless steel
sheathed K-type; 1T mm diameter). The thermocouples were placed
into contact with the sample and fixed ensuring that no displacement
occurs during the test. The test was duplicated for each different
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formulation. FT-IR ATR were collected at room temperature in the range
4000-700 cm™ (16 scans and 4 cm™' resolution) using a spectrometer
(Perkin EImer mod. Frontier) equipped with a germanium crystal. Raman
spectra were performed on a InVia Raman Microscope (Renishaw, argon
laser source 514 nm/50 mW, 10 scans) coupled with a Leica DM 2500
optical microscope. D and G bands were fitted with Gaussian_Lorentz
Cross functions in order to determine their ratio.

Supporting Information

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