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extensively used with good results in 
terms of flame retardancy performance. 
Phosphorus-containing additives (including 
organophosphate, organophosponates, hal-
ophosphonates, phosphine oxides, and red 
phosphorous) and nitrogen-based flame 
retardant additives (i.e., melamine, urea, 
and dicyanamide) were also used as fire 
retardants for PU.[3–8] However, recent 
awareness concerning possible toxico-
logical and environmental risks associated 
with the use of such FR chemicals have 
pointed out the need for the development 
of new, safe, and performing solutions.[9,10]

Lower flammability foams produced 
from bio-based resources such as algi-
nates, nanocellulose, and cellulose fibers 
have also been proposed as possible FR 
alternatives.[11–15] However, the produc-
tion processes of these foams need to be 
further developed to match the require-
ments for practical scale applications.[16] 
Alternatively, the surface modification of 
PU foams has been proposed as a practi-

cable route for the preparation of flame retarded foams capable 
of addressing the needs for sustainable, nontoxic, and high-
performing materials.[17] Indeed, owing to the high amount of 
exposed surface per volume unit of open cell PU foams, the use 
of a surface approach has been demonstrated to be particularly 
convenient to confer flame retardancy to this type of materials.[18] 
For example, graphene-related materials have been successfully 
exploited for the design of efficient FR coatings when deposited 
in combination with montmorillonite clay,[19] polydopamine,[20] 
ammonium polyphosphate, and silicone resins.[21–24] A recent 
approach involving the synthesis of novel co-polymers has been 
demonstrated capable of conferring improved adhesion, super-
hydrophobicity and fire retardant properties.[25] In this context, 
the layer-by-layer (LbL) approach has been demonstrated to be 
a versatile option for the preparation of flame retarded textiles, 
foams, and films,[26–28] owing to the possibility to deposit coat-
ings with different thickness and compositions as a function 
of the process parameters and selected reagents.[29–33] One of 
the most successful and used FR-coating formulation relies on 
the use of nanoparticles in combination with a polyelectrolyte 
matrix.[34] In particular, plate-shaped nanoclays such as mont-
morillonite and vermiculite have been widely used in LbL flame 
retardant coatings because of their high aspect ratios and their 
thermal stability, yielding FR coatings capable of shielding heat 
and reduce volatile release.[35–37] Most recently, graphene-related 
materials have been successfully exploited in water-based LbL 
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1. Introduction

Flexible polymer foams (typically polyurethanes, PU) are 
widely exploited materials in transports and buildings, owing 
to their use as the main constituent for upholstered furni-
ture, sound proofing, and thermal insulation panels. Unfor-
tunately, their organic characteristic coupled with their low 
density makes PU foams extremely flammable and one of the 
first item to be ignited during a fire.[1] The common approach 
to solve this problem is to use flame retardant (FR) chemi-
cals that are normally incorporated within the foam structure 
during the foaming process and can provide a certain degree 
of fire retardancy in building and transport applications.[2] To 
this aim, halogen-based flame retardant agents have been 

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
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assemblies, typically exploiting the oxidized nanoplates (GO).[38] 
Indeed, GO is negatively charged in water, mainly because of 
the carboxylic groups obtained by exposing graphene to strong 
oxidizers, allowing GO stabilization in water.[39]

LbL structures comprising a positively charged polyelectro-
lyte and high aspect ratio graphene oxide (GO) platelets have 
been assembled as flame retardant coating on open cell PU 
foams.[40–42] For example, a chitosan (CHIT)/GO assembly 
was reported to completely coat the 3D structure of PU foams 
yielding a continuous coating capable of protecting the foam 
toward flame application and heat flux.[41] A three bilayer (BL) 
coating easily prevented the collapsing of the foam structure 
during combustion thus suppressing the melt dripping typical 
of PU foams and considerably reducing the rate of combustion, 
as demonstrated by flammability and cone calorimetry tests, 
respectively. In addition, increasing the number of deposited 
BL to 6 further limited the ignitability of the foams, by reducing 
volatiles emission below flammability limits. The inclusion 
of a phosphate salt within the coating formulation in order 
to control the ionic strength has been proven to increase the 
thickness of the deposited coatings while conferring additional 
flame retardant features to the coated foams. It was, indeed, 
proved that only three BL were required for achieving self-extin-
guishment by flammability tests and completely preventing the 
ignition of the foam by cone calorimetry tests.[42]

From the comparison of the results reported in the litera-
ture, it is suggested that the performance of the FR action of 
nanoplates-based coatings is strongly dependent on their lateral 
size.[40] Indeed, high aspect ratio nanoplates have a higher prob-
ability to overlap more efficiently, with respect to low aspect 
ratio ones, and produce an effective barrier to volatiles and 
heat with fewer deposition steps.[43,44] Although the use of high 
aspect ratio nanoparticles is capable of considerably improving 
the efficiency of the achieved FR coatings, these coatings still 
suffer from limited upscalability owing to the time-consuming 
nature of the process.[45] In addition, the high volume of solu-
tion required coupled with the large volume of washing water, 
used to avoid cross contaminations, further adds practical con-
straints to this FR approach. To address these limitations, in the 
present paper we report the single-step deposition of a highly 
ordered flame retardant coating based on deoxyribonucleic acid 
(DNA) and GO for the protection of PU foams (Figure 1).

The GO nanoplates are the main constituent of the coating 
while DNA acts as a ligand between nanoplates. DNA is a 
macromolecule formed by nucleotides covalently bonded 
to forming polynucleotides arranged in double helix. Each 
nucleotide, composed of a unit of deoxyribose carrying a phos-
phate group and a nitrogen containing nucleobase, is bonded 
to another by a phosphor-diester linkage between the sugar 
of one nucleotides and the phosphate of the next resulting in 
an alternating sugar-phosphate backbone. The double helix is 
obtained by the hydrogen bond stored between the nitrogen 
containing nucleobases of two separate polynucleotides.[46] In 
this configuration, DNA is negatively charged in water because 
of the deprotonation of phosphate groups not involved in the 
phosphor-diester linkage. However, when the DNA is dena-
tured by heating, the double strand is opened thus allowing 
the exposure of nitrogen bases that can be protonated in acidic 
condition. This produces positive charges on the DNA that 
can then complex with GO carboxylic functionalization.[47] The 
use of proteins and nucleic acids as FR chemicals has been 
recently demonstrated as viable route for the development of 
FR solutions for textiles and plastics owing to the intrinsic 
intumescent features of this kind of bio-macromolecules.[48–50] 
In particular, DNA has been presented as an all-in one intu-
mescent system as in its structure it is possible to find the 
three main components of an intumescent formulation (i.e., 
acid source from the phosphate, blowing agent from the 
nitrogen containing bases, and carbon source from the deoxy-
ribose backbone).[51] Here, DNA is used as functional “mortar” 
capable of reacting to the exposure to heat and flame and pro-
duce a stable carbonaceous structure holding together the GO 
nanoplates thus resulting in the production of a barrier to heat 
and volatiles. The morphology of the coatings was evaluated 
by field emission scanning electron microscopy. The reaction 
to fire was tested by horizontal and vertical flammability tests. 
Foams coated with this GO+DNA coating showed no ignition 
during flammability test in both horizontal and vertical con-
figurations while also considerably reducing the combustion 
rates and smoke released during forced combustion tests. 
These results clearly show the superior FR properties of the 
coatings developed in this paper that could open up for the 
design of advanced FR materials in a plethora of application 
fields.

Figure 1.  Schematic representation of the single-step deposition. PU foams are previously activated and then dipped in negative GO-based suspension.

Adv. Mater. Interfaces 2021, 8, 2101083
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2. Results and Discussion

2.1. Coating Morphology

The morphology of the deposited coatings was evaluated by 
field emission scanning electron microscopy (FESEM). Figure 2 
reports collected microscopy images of neat PU, PU GO, and 
PU GO+DNA.

Neat PU shows the typical structure of an open cell with 
open pores and cell walls (Figure  2a). The morphology of 
these latter reveals a smooth surface where wrinkled irregu-
larities resulting from the foaming process can be detected 
mostly at the edges. The one-step deposition of PU GO 
(Figure  2b) significantly changes the morphology of neat 
PU foam without modifying its open cell nature. Indeed, 
high-magnification microscopy images clearly show the for-
mation of a wrinkled morphology that can be associated to 
the overlap of GO nanoplates.[40–42] The surface appears 
rougher compared to PU, with clearly visible GO bounda-
ries. In contrast, when GO+DNA is deposited, the resulting 
surface appears smoother and more homogeneous, likely 
because of the presence of DNA acting as ligand between 
GO nanoplates. In the adopted deposition conditions, the 
acidic pH of the used GO suspension coupled with the tem-
perature allow for the formation of in situ GO+DNA com-
plexes via strong noncovalent interactions which deposition 
is forced upon solvent removal.[47] Indeed, it is well-known 
that DNA will denature opening up the double strand in the 
60–80 °C thus exposing the nitrogen rich bases that are then 
protonated by the naturally acidic pH of the GO suspension 
(pH 2).[52] This produces positive charges on the DNA that 
can then complex with GO carboxylic functionalization.[47] 
This was further demonstrated by putting ≈10  mL of water-
based GO+DNA dispersion in a closed vessel and heating it 
in oven at 70 °C overnight obtaining a stable gel (Figure S2,  
Supporting Information). As a control sample, the same pro-
cedure was applied to the GO suspension, in which gelation 
did not occur. These results are in agreement with the lit-
erature background describing the preparation of GO/DNA 
networks.[47]

2.2. Flame Retardant Characterization and Residues Analysis

The flame retardant properties of treated foams were tested by 
means of cone calorimetry and flammability test. The combi-
nation of these methods provides an exhaustive set of infor-
mation about the contribution of a material in both initiating 
a fire, after a small flame application (flammability test), or 
propagating it when exposed to a heat flux typical of developing 
fires (cone calorimetry test). To evaluate the effects of a com-
bined DNA/GO coating, a PU sample coated by just DNA is 
also prepared and tested. Figures 3 and 4 show pictures from 
flammability and parameters collected from cone calorimetry 
tests, respectively, whereas Tables S1 and S2 (Supporting Infor-
mation) report numerical data collected while performing tests.

Flammability tests in horizontal configuration showed a 
small flame applied to the neat PU foam is sufficient for almost 
instantaneous ignition and quick consumption by the flames, 
with release of incandescent and low viscous molten droplets, 
able to ignite the dry-cotton placed under the foam. This phe-
nomenon is called melt-dripping, and it is a typical fire risk 
of synthetic polymers because it leads to fire propagation.[53] 
The deposition of DNA can suppress the melt-dripping phe-
nomenon but cannot stop flame spread. Indeed, after methane 
flame application, the sample is completely consumed by the 
flame burning vigorously leaving a residue accounting for 
the 8% of the initial weight. In contrast, the deposition of the 
GO-based coating dramatically changes the PU flammability. 
Indeed, when the flame is applied to the GO-treated foam, igni-
tion occurs, but the flame slowly spreads within the first cen-
timeter of the sample, without showing melt-dripping, and it 
is eventually extinguished after an average flaming time of 8 s.  
The final residue is extremely high and accounts for ≈99% 
of the initial sample weight. The DNA inclusion within the 
coating further improves the flame retardant properties. Sur-
prisingly, a nearly instantaneous self-extinguishment upon the 
removal of the Bunsen methane flame occurred thus indicating 
that the ignition was prevented.

The flammability behavior of the GO-containing samples 
was also tested in vertical configuration that it is normally con-
sidered a harsher testing setup, compared to the horizontal 

Figure 2.  SEM images of a) PU, b) PU GO, and c) PU GO+DNA samples.

Adv. Mater. Interfaces 2021, 8, 2101083
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test. In this condition, the pristine PU ignites immediately 
after the flame application and the flame reaches the top of the 
sample in only 2 s triggering the melt-dripping phenomenon 
that causes the collapsing of the entire sample. The deposition 
of GO nanoplates can prevent flame spread, suppress melt-
dripping, and achieve a self-extinguishing behavior with an 
average after-flame time of 5 s. The residue collected at the end 
of the test shows limited damage and account 98% of residue. 
In addition, the inclusion of DNA as ligand for GO nanoplates 
completely prevents ignition as already observed in horizontal 
configuration. This extraordinary performance is maintained 
even after multiple flame applications, thus pointing out the 
superior FR properties of this GO+DNA coating. The obtained 
result is comparable with what previously reported in literature 
for LBL coatings, comprising multiwalled carbon nanotubes 
(MWCNT).[54] In that work, Holder and collaborators showed 
the efficiency of MWCNT to produce a robust char layer able to 
prevent the flame spread in vertical flame test after one flame 
application. However, that result was obtained by depositing 
9BL of branched polyethylenimine functionalized with pyrene 
(BPEI+Pyr) assembled with a dispersion of MWCNT in poly-
acrylic acid (PAA+MWCNT), reaching a 44% of weight gain, 
thus resulting in a very laborious process. In contrast, the 

single deposition proposed in this paper allowed to reach ≈80% 
of weight gain and flame spread prevention for four consecu-
tive flame applications. The performed tests proved the effec-
tiveness of the deposited coating as flame retardant solution 
for PU foams toward the direct flame application. However, 
besides the presented advantages in terms of flammability, in a 
developing fire scenario, PU foams are typically subjected to a 
radiative heat flux generated from a flame, which corresponds 
to a different testing condition. Indeed, forced combustion tests 
by cone calorimetry were performed to further analyze the reac-
tion of pristine and coated PU foams to a radiative heat flux 
thus evaluating their contribution to fire development. Plots 
from cone calorimetry tests are reported in Figure  4 while 
the main parameters are collected in Table S2 (Supporting 
Information).

During a cone calorimeter test, the sample is exposed to a 
heat flux produced by a conical heater delivering an incoming 
heat flux to the sample of 35 kW m−2 that represents early 
stages of a developing fire.[55] The applied heat flux triggers 
the decomposition of the sample and the release of flammable 
volatiles. In these conditions, PU quickly ignites and burns vig-
orously reaching a peak of heat release rate (pkHRR) of about 
304 kW m−2. During combustion the foam structure collapses 

Figure 3.  Snapshots from flammability test in a) horizontal and b) vertical configuration of untreated versus coated foams. End-of-test residues and 
flammability behavior in c) horizontal and d) vertical configuration.

Adv. Mater. Interfaces 2021, 8, 2101083
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leaving a pool of a low viscosity liquid that is responsible for the 
steeply increase in heat release rate (HRR).[53] The final residue 
accounts for 7% of the original weight and is mainly ascribed to 
inorganic additives used during foam production. As observed 
for flammability, the presence of a DNA coating does not yield 
substantial improvements in the PU burning behavior. Indeed, 
no effects on HRR are observed, whereas total heat release 
rate (THR) and total smoke release (TSR) values are increased 
owing to the presence of the coating organic components. Con-
versely, the GO coating increases the ignition time and consid-
erably lowers the combustion rates as demonstrated by a 70% 
reduction in pkHRR. These performances are improved by the 
presence of DNA that can further reduce the pkHRR (−75%, 
compared to PU). This trend is also observed for smoke para
meters, where the GO+DNA coating achieves a 30% reduction 
in TSR, compared to neat PU, whereas the GO coating only 
reduces this parameter by 13%. It is apparent that both GO 
coatings can dramatically change the combustion behavior of 
the foam. Indeed, the treated PU no longer collapses and main-
tains its original shape, slightly shrinking as the combustion 
proceeds. This is ascribed to the presence of the coating that, by 
extending through the entire thickness of the foam as protec-
tive exoskeleton, can mechanically sustain the structure. Then, 
the highly oriented GO nanoplates produce a barrier that hin-
ders the release of combustible volatiles thus decreasing fuel 
feeding the flame. In addition, the presence of GO nanoplates 
might also re-radiate a portion of the heat reaching the foam, 
thus reducing the net incoming heat flux for polymer decompo-
sition, directly affecting the production of flammable volatiles. 
This mechanism is valid for both GO and GO+DNA coatings. 
However, as already discussed for flammability tests, the pres-
ence of DNA further improves the FR owing to its intrinsic 
intumescent features that help in binding the GO nanoplates 

together and build a more efficient barrier. In addition, the tests 
performed on foams treated by only DNA further demonstrated 
the crucial role of the DNA/GO complex in the FR behavior  
of the coating. To prove these hypotheses the residues col-
lected at the end of combustion were imaged by SEM and ana-
lyzed by Raman spectroscopy as reported in Figure 5.

SEM investigations performed on the cross sections of the 
residues clearly show that both GO and GO+DNA coatings 
were capable of maintaining the original 3D structure of the 
foam (Figure S3, Supporting Information). PU GO samples 
evidence the formation of a thermally stable protective layer, 
confirming the propensity of GO nanoplates to act as physical 
barrier toward flames and volatiles (Figure  5a). However, the 
obtained carbonaceous residue is brittle as several cracks are 
visible. In contrast, the morphology of the PU GO+DNA res-
idue closely resembles the one of the uncombusted samples 
and exhibits a thick hollow structure with exposed GO nano-
plates. Interestingly, high-magnification images evidenced a 
swelling of the stacked GO that can be ascribed to the intrinsic 
intumescent flame retardant action of DNA (Figure 5b). Raman 
spectroscopy confirms the presence of two distinct signals at 
1605 and 1350 cm−1 attributed to the bands generally labeled as 
G and D, respectively (Figure 5c). As reported in literature, the 
D band is normally associated to the number, the type and the 
distance between defects in graphene-related materials (disor-
dered structures) while G is associated to the breathing mode 
of the aromatic plane (ordered structures).[56–58] To evaluate 
the evolution of the carbon structure formed during combus-
tion, the ratio between the area underneath these two bands 
was considered. Because of Raman spectra collect only relative 
spectra, the band parameters strongly depends on the recorded 
intensity (i.e., counts), in contrast the band areas (DA and GA) 
is a function of both peak intensity and FWHM; therefore, the 

Figure 4.  a) Heat release rate (HRR, solid line) versus time and total heat release versus time (THR, dotted line), b) smoke production rate (SPR, solid 
line) versus time and total smoke release versus time plots (TSR, dotted line), and c) residues, peak of heat release rate (pkHRR), total heat release 
rate (THR), and total smoke release comparison of tested samples (TSR).
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bands area can be used for better characterize the order of the 
obtained char.[59,60]

The as-deposited samples yielded similar values likely 
owning to the presence of GO as the main components con-
tributing to Raman signal. Conversely, residues show higher 
DA/GA compared to uncombusted samples as a consequence of 
the formation of amorphous carbon during PU decomposition 
or by the partial oxidation of GO, overall leading to a broad-
ening of the D band. This is apparent for PU GO+DNA residue 
that showed the highest DA/GA ratio likely due to the presence 
amorphous char produced by DNA.

Comparing the obtained results with the existing literature 
on LbL coatings comprising 3D and 2D nanoparticles like gra-
phene-related materials, it is apparent that the single-step dep-
osition presented in this paper can achieve overall higher FR 
performances with only one deposited layer (Figure 6). Indeed, 
while most of the previously reported LbL coatings can easily 
achieve substantial reductions in pkHRR, most of them fail in 
preventing flame spread in either horizontal or vertical configu-
ration. The related clear advantage of the single-step deposition 
method developed in this paper appears to be related to the 
high add-on achieved. As an example, GO and GO+DNA 
treated PU foams yield a weight gain about four times higher 
than the amount of BPEI/GO+sodium alginate (SA) coating, 
which correspond to the 25% wt after 24 deposition steps.[61]

In addition, the proposed coating procedure has been found 
to provide excellent flame retardant properties even when com-
pared with recently developed strategies that rely on organic 
solvents to deposit efficient flame retardant silicone and sili-
cone/GO coatings.[18,23,24] These comparisons underline the 
effectiveness of the proposed deposition technique as a possible 
water based route for the preparation of flame retardant coat-
ings based on nanoplates and bio-based components enabling 
environmental friendly processing.

2.3. Mechanical Properties Characterization

The mechanical properties of the uncoated and coated foams 
were assessed by compression test following the EN ISO 2439 
standard procedure. Figure  7 reports the fourth compression 
cycle for PU, PU GO, and PU GO+DNA foams and a graph-
ical representation of the compressive stress evaluated at 40% 
deformation. This latter parameter is normally referred as firm-
ness and is correlated with the foam comfort.

The untreated open cell PU foam shows the typical three 
phases compressive/stress curve characterized by a linear 
elastic region (under 10% compression), a progressive buckling 
of the foam owing to cell collapsing and a final densification 
stage characterized by a steep increase of stress value after 50% 

Figure 5.  Post combustion residue analysis: SEM image performed on the cross sections of a) PU GO and b) PU GO+DNA residues after cone calo-
rimetry test and (c) Raman spectra of single-step deposited sample before and after exposure to cone calorimetry

Adv. Mater. Interfaces 2021, 8, 2101083
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compression.[69] The treated foams show a similar behavior 
but the stress values are higher than what measured for the 
unmodified PU. The resulting curves still show the typical 
load/unload hysteresis curve of flexible PU thus suggesting 

that the presence of the coating did not affect the ability of 
recovering the initial shape after being cyclically deformed. The 
observed behavior can be ascribed to both the rigid nature of a 
nanoplate containing coating and the strong electrostatic inter-
actions occurring between the activation layer and the depos-
ited GO.[40] The latter also confers a good structural stability 
to the coating upon multiple deformation cycles. The firm-
ness of the GO and GO+DNA PU fall in the 4.5–5.5 kPa range 
(Figure  7b). Interestingly, the presence of DNA is responsible 
for a slight increase in this parameter thus further supporting 
the formation, upon deposition, of GO/DNA complexes char-
acterized by ionic interactions. The calculated values indicate 
that the treated foams would behave similarly to high density 
(40–50 kg m−3) PU foams and might thus replace these latter in 
application fields such as transportation where flame retardant 
properties and weight reduction are mandatory.

3. Conclusion

In this paper, a single-step deposition approach based on gra-
phene oxide and DNA has been developed to efficiently prepare 
PU foams characterized by high FR performances. This single-
step deposition method was found capable of producing a 
homogeneous GO+DNA protective exoskeleton on the complex 
3D structure of the foam. Interaction between GO and DNA 
may be ascribed to in situ formation of GO+DNA complexes 
upon drying of the coating, as denaturation of DNA may lead to 
uncompensated positive charges, observed to strongly bind to 
GO during a simple gelation experiment. The GO+DNA treated 
foams were capable of completely suppressing the melt drip-
ping typical of PU foams and completely prevent flame spread 
during flammability tests in both horizontal and vertical con-
figuration. Cone calorimetry tests further proved the ability of 
this GO+DNA coating to efficiently reduce combustion rates 
(−75% in pkHRR) while also releasing less smoke (−30% in 
TSR). Post combustion characterization pointed out the for-
mation of expanded structures where GO platelets were likely 
expanded by the intrinsic intumescent behavior of DNA. This 

Figure 6.  pkHRR reduction of GO and GO+DNA samples presented in 
this work and literature. Presented samples are referred to CHIT/MMT 
(chitosan/montmorillonite),[35] BPEI/VMT (branched polyethylenimine/
vermiculite),[44] CHIT/VMT,[36] BPEI/GO+SA (SA is sodium alginate),[61] 
BPEI+Pyr/PAA+MWCNT (BPEI functionalized with pyrene/polyacrylic 
acid+ multiwalled carbon nanotubes),[54] CHIT/TNT/SA (TNT stay for 
titanate),[62] HA+BPEI/HA+PAA (HA stay halloysite),[63] Co(OH)2/SA,[64] 
CHIT/MoS2,[65] CHIT/Ti3C2,[66] PAA+MMT/PDAC+BOH/APP+MMT 
(PDAC and BOH stay for polydiallylammonium chloride and bohemite, 
respectively),[45] CHIT-MICA/PAA-MICA,[67] and Starch+SPB+MMT (SPB 
is sodium perborate).[68]

Figure 7.  Mechanical characterization in compression mode of a) PU, PU GO, and PU GO+DNA samples and b) firmness calculation.
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promoted the formation of a more efficient barrier toward heat 
and volatiles with respect to the coating only made of GO. A 
comparison with the literature background dealing with water-
based FR coatings encompassing nanoparticles further high-
lighted the superior FR properties achieved by the developed 
GO+DNA coating.

In conclusion, the approach developed in this paper opens to 
the development of viable deposition routes encompassing gra-
phene-related materials and bio-based flame retardants where 
processing efficiency and FR properties are optimized.

4. Experimental Section
Materials: Commercially available open cell polyurethane foams 

(density 18  g dm−3 and thickness 20  mm) were purchased by a 
local warehouse. PAA (average Mw 100  000, 35  wt%, in water), 
poly(diallyldimethyldiammonium chloride) sodium salt (PDAC, average 
Mw 400k–500k, 20  wt% in water), and deoxyribonucleic acid (DNA, 
powder, partially degraded) were purchased from Merck (Milan, Italy). 
PAA 1  wt% and PDAC 1  wt% solution were prepared with 18.2 MΩ 
ultrapure water supplied by a Q20 Millipore system (Milan, Italy). GO 
was purchased from AVANZARE Innovacion Tecnologica (Navarrete-La 
Rioja, Spain) as 1  wt% suspension in water. The description of GO 
synthesis was previously reported elsewhere.[42]

Single-Step Deposition: Prior deposition PU samples were cleaned by 
squeezing them several times in ultrapure water to remove processing 
residues and dust. Then, the PU samples were dried in oven at 80 °C, 
and the weight after water removal was considered as the starting one 
for the evaluation of the weight gain upon deposition. Specimens were 
activated by dipping in 1  wt% PAA solution followed by 1  wt% PDAC. 
The time was set to 10  min and after every dipping step, specimens 
were washed in ultrapure water by squeezing. The activation step is 
essential for the deposition of a homogeneous coating from nanoplates 
suspension. In fact, the first adsorption of PAA makes the PU surface 
negatively charged, favoring the deposition of the PDAC polycation 
molecules. PDAC acts as anchoring agent for GO and DNA which 
are negatively charged in water at room temperature conditions. 
Then, the activated foams were dried in oven at 80  °C for 2 h. The 
dried activated foams were placed in a handmade aluminum mold 
and the suspension of either 1  wt% GO or 1  wt% GO+0.1  wt% DNA 
or 0.1 wt%  DNA  was  poured on the specimen filling its open porosity 
(2 mL cm−2). Water was removed by drying the samples in oven at 80 °C 
overnight. The add-on % was calculated as the % of difference in weight 
after the treatment divided by the original dry weight of the foam and 
correspond to 81 ± 16%, 87 ± 4%, and 8 ± 1%  for GO, GO+DNA, and 
DNA-treated foams, respectively. A schematic representation of the 
process is reported in Figure S1 (Supporting Information).

Characterization: The morphology of samples was investigated by 
FESEM (Zeiss Merlin 4248, Jena, Germany, beam voltage 5  kV). The 
samples were positioned on conductive tape and chromium sputtered 
prior to observation at beam voltage set to 5 kV.

Flammability test was performed on three samples for each coating 
formulation in both horizontal and vertical configuration by the 
application of a 20 mm blue methane flame for 3 s on the short size of the 
specimen (50 × 150 × 20 mm3) positioned on a metallic grid (horizontal 
tests) or suspended with the aim of a clamp (vertical configuration). 
During combustion, the formation of molten incandescent polymer 
drops was evaluated by placing dry cotton underneath the samples. The 
final residues were evaluated by weighting the specimens before and 
after the test.

Forced combustion tests were performed on an oxygen consumption 
cone calorimeter (Fire Testing Technology, East Grinstead, UK) using 
50 × 50 × 20 mm3 under 35 kW m−2 radiative flux. Measurements were 
performed three times for each formulation to obtain representative 
averages and experimental deviations. Raman spectra were performed 

on an In Via Raman (Renishaw) equipped with a argon laser 514  nm/ 
50 mW,  10 scans) coupled with a Leica DM 2500 optical microscope. 
D and G bands were fitted with Peak fit controller function from Origin 
8.1 software applying Lorentzian functions. The cross section of the 
residues collected after cone calorimetry tests was investigated by SEM 
(Zeiss EVO 15, beam voltage 3 kV). The samples were cut in the center 
of the specimen and positioned on conductive tape and gold sputtered 
prior to observation.

Mechanical properties were evaluated on a dynamometer (Instron 
5966, 2 kN  cell, Canton, MA) by compressing two stacked samples of 
50 × 50 × 18 mm3 between two horizontal plates and following the EN ISO 
2439 standard (60% compression, deformation speed 100  mm min−1). 
The firmness was calculated as the stress at 40% deformation, according 
to ISO 3386 standard. Prior to the tests, samples were conditioned 23.0 ± 
0.1 °C for 48 h at 50.0% ± 0.1 RH in a climatic chamber.

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