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Conductive polyurethane foam nanocomposites were prepared by the incorporation of graphene
flakes. Graphene flakes were obtained from graphite by the top-down method of liquid exfoliation
in N-methyl pyrrolidone and size-selected by centrifugation. A deep characterization of graphene
flakes was performed for a better understanding of their role as nanoentities in polyurethane foam
matrix. Thus, morphology, with special emphasis in the number of layers, was analyzed by Raman
spectroscopy, atomic force microscopy and transmission electron microscopy. Electrostatic force
microscopy was used to verify the conductive nature of graphene flakes. This technique showed to
be effective for the assessment of both morphology and conductive properties of graphene flakes.
Regarding the electrical behavior of the nanocomposite foams, it was determined that the electrical
resistance depended on both the graphene content and the compressive deformation applied to the

material.

Keywords: conductive polyurethane foam, nanocomposites, graphene, morphology, electrical

properties.

1. Introduction
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Graphene is a 2D material comprised of carbon atoms forming hexagonal lattices. Its characteristic
structure confers graphene excellent electrical, thermal, mechanical and optical properties, becoming
a material of great interest in the last years [1,2]. Common methods for graphene isolation include
mechanical exfoliation, thermal decomposition of SiC, growth in nickel or copper substrates and
graphene oxide exfoliation or liquid phase exfoliation of graphite [3]. Liquid phase exfoliation
technique has shown great potential for the production of defect-free graphene flakes in large
quantities due to the simplicity and profitability of the process [4-6]. In fact, liquid phase exfoliation
process used in this work has demonstrated that graphene is fast and simply obtained by exfoliation
in N-methyl pyrrolidone. In addition, the solvent can be recovered for further exfoliations, increasing
the sustainability of the process.

The properties of graphene make it an interesting material for diverse applications in electronics [7],
energy storage [8,9], electrochemistry [10], sensors [11-13], biomaterials and biomedicine [14-16]
or food industry [17], among others. In the field of polymeric materials, graphene is an interesting
material for polymer nanocomposites preparation with electrical [18], shape memory [19,20], or
enhanced mechanical properties [21,22]. Conductive polyurethane foam nanocomposites are
attracting attention in sensing applications due to their deformability and the sensitivity of electrical
resistance to external loads. Recent works in this field include conductive polyurethane foams
prepared with reduced graphene oxide by dip coating [23,24] or ultrasonication [25], as well as
nanocomposites with graphene prepared by freeze drying [26] or water vapor induced phase
separation [27]. For the preparation of nanocomposites, graphene in small flakes is preferred.
However, it has been reported that graphene flake size plays an important role both in mechanical
and electrical properties of the final material [21]. Several techniques have been used to characterize
the morphology and electrical conductivity of grapheme such as optical microscopy [3], Raman
spectroscopy [28,29], atomic force microscopy [30] or transmission electron microscopy [31,32].
Electrostatic force microscopy has been used to characterize the electrical properties of carbon
materials such as carbon nanotubes [33,34].

In this work, ultrasound assisted impregnation method was used for the preparation of conductive
nanocomposites, since it is a suitable, low cost and versatile method for the preparation of
nanocomposites with carbonaceous nanoentities [35]. Considering the porous nature of polyurethane
foam, sonication may favor the penetration of graphene into the matrix pores as well as the anchoring
in the foam [25] as well as a more uniform dispersion of the graphene during the impregnation. The
influence of graphene content and the compressive deformation applied to the material over the
electrical resistance of the nanocomposites was analyzed. Graphene flakes were obtained from

graphite by liquid exfoliation and centrifuged at different rates to obtain size-selected graphene
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fractions. The morphology of graphene flakes was characterized by Raman spectroscopy, atomic
force microscopy (AFM) and transmission electron microscopy (TEM). For the assessment of
conductive properties electrostatic force microscopy (EFM) technique was used. Conductive
polyurethane foam graphene nanocomposites were prepared by the ultrasound assisted impregnation
method. The morphology and electrical properties of the nanocomposites were assessed by scanning
electron microscopy (SEM) and Keithley equipment for the analysis of semiconductors.

2. Experimental Section

2.1. Materials and methods

Graphite flakes were purchased from Aldrich. N-methyl pyrrolidone (NMP) (Sigma-Aldrich) was
used for the exfoliation process.

Polyurethane foam matrix was synthesized with Lupranol® 3423 polyol (BASF), distilled water
(1 pphp), Tegoamin® B75 amine catalyst (0.45 pphp) used as blowing catalyst, DBTDL (0.63 pphp)
used as gelling catalyst, Tegostab® 8404 surfactant (3 pphp) (Evonik) and 1,6-hexamethylen
diisocyanate (HDI) (Desmodur H, Covestro). Cyclohexane (CH) and tetrahydrofurane (THF) were

purchased from Scharlau and Sigma-Aldrich, respectively.

2.1.1. Exfoliation and size selection of graphene

Graphite was sonicated in NMP (20 g/1.5 L) for 100 h in an ultrasonic bath. The obtained graphene
dispersion was centrifuged at 4000 rpm for 45 min and the upper part of the supernatant (ca. 80%)
was collected. The sediment was redispersed for 15 min in an ultrasonic bath after incorporating
50 mL of NMP. Centrifugation and redispersion steps were repeated for 3000, 2000, 1000 and 500
rpm centrifugation rates according to the procedure described in literature to obtain graphene
fractions of different sizes [36]. The dispersions were then filtered through polyamide filters
(Sartorius, 0.2 um pore size) and NMP was collected for future exfoliations. The graphene on the
filter was washed with acetone to remove possible solvent traces and vacuum dried at ambient
temperature for 48 h.

Graphene fractions were designated as S1, S2, S3, S4 and S5 according to a final centrifugation
rate of 4000, 3000, 2000, 1000 and 500 rpm, respectively.
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2.1.2. Synthesis of polyurethane foam

Foams were synthesized according to the procedure reported previously [37]. In this case, an aliphatic
isocyanate was used to locate the glass transition temperature of the foam at around room temperature,
for possible shape memory applications. Briefly, all reactants except HDI were mixed at 2000 rpm for
2 min with a high-shear stirrer. Then, HDI was added and mixing continued for 4 min. The used
isocyanate index used was 105. The reactive mixture was poured to an open mold and was left to rise

freely. Foam was cured for 24 h at room temperature before demolding.

2.1.3. Preparation of polyurethane foam/graphene nanocomposites

For the preparation of nanocomposites, a dispersion of S1 graphene in cyclohexane was prepared
(1 mg mL1), and bath sonicated for 30 min. Two foams were immersed in the graphene suspension
and bath sonicated for 15 and 10 min, respectively. To evaporate the solvent, the nanocomposites
were maintained at 35 °C for 15 h, at 500 mbar. Nanocomposites were designed as FG1 and FG2
according to a sonication time of 15 and 10 min, respectively. The graphene content of each
nanocomposite was determined by thermogravimetric analysis performed under N2> atmosphere at a
scan rate of 10 °C min* (TGA/SDTA 851 Mettler Toledo), obtaining values of 3.3 and 2.8 wt% for

sample FG1 and FG2, respectively, from the residue analysis.

2.2. Characterization techniques
2.2.1. Raman spectroscopy
Raman spectra of graphene flakes were obtained with a Renishaw InVia microscope (50X) with a

laser of 514 nm wavelength (Modu Laser) at a potency of 10%. Data were collected in the range

of 150-3500 cm™. Exposure time and accumulations were set at 20 s and 5, respectively.

2.2.2. Atomic force microscopy

Atomic force microscopy (AFM) analysis was carried out to observe the size of graphene flakes.
Height images were obtained in a Dimension Icon scanning probe microscope equipped with
Nanoscope V controller (Bruker). Tapping mode was employed in air using an integrated



131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163

tip/cantilever (125 pm length with ca. 300 kHz resonant frequency).

For sample preparation, S1, S3, S4 and S5 fractions were dispersed in cyclohexane (CH) (0.005
mg mL* for S1 and S3 and 0.0025 mg mL* for S4 and S5) using an ultrasonic tip for 1 h. The
selection of the solvent was done according to one possible application of graphene flakes in
polyurethane foam nanocomposites preparation. To avoid solvent evaporation, a pulsed sonication
program was applied, with ON/OFF periods of 4 and 2 s, respectively. A droplet of graphene
suspension was put on a prewashed silicon wafer substrate and dried at room temperature for
48 h.

2.2.3. Transmission electron microscopy

Transmission electron microscopy (TEM) was used to assess the morphology of graphene and
determination of the number of layers. Measurements were carried out on a FEI Titan Cubed G2 60-
300 microscope, equipped with a Schottky X-FEG field emission electron gun, monochromator and
CEOS GmbH spherical aberration (Cs) corrector on the image side. The microscope was operated at
80 kV to minimize the knock-on damage to the graphene. The third-order spherical aberration (Cs)
was tuned to -10 um. Images were obtained for an underfocus of -8 nm and were recorded on a CCD
camera (2kx2k, Gatan UltraScan 1000), using exposition times of 1s per image.

For sample preparation, graphene flakes were dispersed in tetrahydrofuran (THF) at 0.005 mg mL
for 1h, using an ultrasonic tip. To avoid excessive heating, pulsed sonication program was applied,
with ON/OFF periods of 4 and 2 s, respectively. A drop of suspension was spread onto a TEM copper
grid (300 Mesh) covered by a holey carbon film followed by drying under vacuum.

2.2.4. Electrostatic force microscopy

Electrostatic force microscopy (EFM) measurements were carried out in the same Dimension Icon
scanning probe microscope operating in the lift mode (100 nm) in ambient conditions and
equipped with a Pt/Ir coated tip (ca. 75 kHz resonant frequency). The same samples employed
for AFM analysis were used. The secondary imaging mode derived from the tapping mode that
measures the electric field gradient distribution above the sample surface was detected by applying

a 6 V voltage to the cantilever tip.

2.2.5. Scanning electron microscopy
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Scanning electron microscopy (SEM) images of nanocomposites were obtained in a JEOL JSM-6400
equipment with 20 kV acceleration voltage and using electron beam currents of 0.05-0.1 nA. Prior to

analysis, samples were gold coated (20 nm).

2.2.6. Electrical properties

Electrical properties of nanocomposites were analyzed by a Keithley 4200-SCS equipment for
semiconductors analysis. Two point measurements were carried out, performing 0-5 V linear scans,
with 0.01 V step and a compliance of 0.1 A. Electrical resistance (R) values were calculated from
intensity vs. voltage curves. To perform the measurements, a home-built dispositive was used.
Nanocomposites were placed in contact with two copper sheets, adhered in turn to polycarbonate
plates. To close the electric circuit two copper wires, which came up from the copper plates, were put
in contact with the electrodes of the equipment. To measure the changes of electrical resistance as a
consequence of compressive deformation, the polycarbonate plates were placed in a clamp to apply
a controlled deformation to the sample. The distance between polycarbonate plates was verified with
a caliper before each measurement. The dimensions of the nanocomposites were 10 x 10 mm? section

and 20 mm height.

3. Results and Discussion

3.1. Raman spectroscopy

Results regarding Raman spectroscopy were summarized in Figure 1. Raman spectra of graphene
samples are shown in Figure 1a. All spectra present typical bands associated with carbon materials:
G band (1580 cm™), 2D band (2700 cm™) and D band (1350 cm™). G band is associated with an in-
plane vibration mode due to the bond stretching of sp? carbon pairs and 2D band is related to the
second order of zone boundary phonons [4,38]. D band needs a defect for its activation and it is
associated with flake edges [29,28]. Differences of graphite and graphene spectra may confirm the
effective exfoliation of graphite. Changes in shape and intensity of 2D band were observed when
compared graphene to graphite [38,28]. Moreover, the D peak intensity was very small in graphite
while it increased in graphene samples. The Ip/lc ratio is a good indicator of the in-plane crystallite
size since is related with new edges formed as the average flake size is reduced by sonication

[5,29,39]. The Ip/lg ratio with relation to centrifugation rate is shown in Figure 1b. According to the
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previously mentioned, the creation of new edges when compared to graphite powder suggested a
decrease of flake size with the increase in final centrifugation rate.
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Figure 1. Raman spectra (a) and Io/lg ratio (b) of exfoliated graphene fractions and graphite.

3.2. Atomic force microscopy

Flake size was analyzed by AFM and related with Raman Ip/lg ratio. Sample S2 was not analyzed
since it had very similar Ip/lg ratio to S1 and S3 fractions. AFM height images and their
corresponding cross sectional height profiles are shown in Figure 2. A gradual decrease of flake
size is observed with the increase of final centrifugation rate. Flake sizes of around 5 pum were
observed in Figure 2a and Figure 2b corresponding to S5 and S4 fractions, respectively. An evident
decrease of flake size was observed in the fractions centrifuged at higher rates, with values of ca.
400-500 nm (Figure 2c and 2d). Results were quite in agreement with Raman analysis. AFM height



210 images revealed the formation of agglomerates in S4 and S5 fractions, suggesting the presence of
211 poorly exfoliated bulk graphite due to the low centrifugation rate, especially in S5 fraction, which

212 could also be responsible for its low Ip/lg ratio.
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Figure 2. AFM height images (left) and cross sectional profiles (right) of (a) S5, (b) S4, (c) S3 and
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(d) S1 graphene fractions.

The determination of the number of layers by AFM depends on the substrate as well as on the
tip-sample interactions [40]. Number of layers (N) could be estimated according to Equation 1 [30]:

N 0.335

(Eq. 1)

where tary IS the thickness measured by AFM, 0.4 is a factor to take into account substrate-
graphene and graphene-tip interactions and 0.335 corresponds to graphite inter-plane spacing (0.335
nm). According to cross sectional profiles of S1 fraction, graphene flakes had an approximated
thickness of 1.5 nm, which may correspond to few layer graphene. Thickness of S3 graphene
was in the range of 4-5 nm, corresponding to multilayer graphene. Thickness values of 6 and 8 nm
were calculated from S4 and S5 graphene, respectively. Reported flake size and thickness values
were in the range of those reported in literature [36,41]. A decrease of graphene thickness and
flake size was observed with the increase of final centrifugation rate, indicating that smaller but
better exfoliated few layer graphene flakes were separated at high centrifugation rates. Visual
evaluation of the dispersions, shown in Figure 3, also suggested bigger flake sizes for S4 and S5
dispersions due to the higher turbidity observed. For comparative purposes, all dispersions were
prepared at the same concentration of 0.005 mg mL™.

Figure 3. S1, S3, S4 and S5 dispersions prepared at 0.005 mg mL* in CH

3.3. Transmission electron microscopy

According to AFM results, S1 fraction consisted of few layer graphene flakes. To perform a deeper
analysis of the number of layers in S1 graphene, the sample was analyzed by TEM. Figure 4 shows a
low magnification TEM image of the analyzed flake on the grid carbon layer. The analysis of the
areas on the flake indicated as “1” and “2” on Figure 4, made possible to assess the number of layers.
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Figure 4. TEM image of analyzed S1 graphene flake.

Figure 5 left images show the magnifications performed on “1” area (Figure 5a and 5b) and the
magnification performed on “2” area (Figure 5c). Figure 5 center images show the magnifications of
the areas delimited by the dashed rectangles on the left images. On the same fashion, Figure 5 right
images show the magnifications of the areas delimited by the dashed rectangles on the center images.
Regarding images on the center and right, carbon structures could be distinguished in the three areas,
each area showing different patterns. Each pattern might be indicative of the number of layers [42].
Basing on Warner et al. work [42], the patterns observed in Figure 5 (right) were related with the
number of layers. According to this, the triangular pattern observed in Figure 5a should be
characteristic of 3 or 5 layer graphene. In Figure 5b a hexagonal pattern could be distinguished, where
carbon atoms showed bright contrast. This pattern is observed in graphene of even numbers of layers
and also in graphene of 7-9 layers. However, it was not possible to relate these patterns with a specific

number of layers.
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Figure 5. TEM images (a and b) taken from zone 1 and (c) taken from zone 2 defined in previous
figure (left), TEM images obtained from the areas indicated by the dashed rectangles on the left
(center) and TEM images obtained from the areas indicated by the dashed rectangles on the center
(right).

Figure 5c also showed a hexagonal pattern where the carbon atoms showed dark contrast. Carbon
atoms in monolayer graphene show dark contrast when working under focus [34], as in this case.
Apart from pattern analysis, the intensity line profiles (calculated along the white lines in Figure 5,
right) were plotted in order to quantify the number of layers [42] (Figure 6).

On the profiles shown in Figure 6a and Figure 6b a split in the main peak is observed, which means
that two carbon atoms column is asymmetric. The asymmetry was determined following the method
of Warner et al. [42] The as obtained ratio values were 1.69, 1.57 and 1.74 for Figure 6a and 1.1, 1.3
and 1.03 for Figure 6b. Basing on these results, it could be supposed that the area analyzed in Figure
6a consists of 5 layer graphene and the area analyzed in Figure 6b consists of 9 layer graphene.

Finally, the profile on Figure 6¢c showed a dip in the line profile, which means that this area is
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Figure 6. Intensity profiles calculated along the white lines shown in (a) Figure 5a right, (b) Figure
5b right, and (c) Figure 5c right.

3.4. Electrostatic force microscopy

EFM analysis was used to prove the conductive properties of few layer S1 graphene flakes. In
EFM analysis, an electrostatic field is created between the tip and the substrate. When the sample is
scanned at a sufficient height (100-200 nm) to avoid van der Waals interactions, the deflection of
the cantilever is influenced by the electrostatic forces created between the tip and the substrate [43].
To perform EFM measurements, two pass scans are performed. On the first scan, topographical
information of the sample is collected in tapping mode AFM. On the second scan, the tip is lifted
to a predetermined height so as the interactions only depend on electric properties. A direct current
voltage is applied to the tip and the scan is performed maintaining a constant tip-sample separation
based on topographical data. Analyzing phase shifts on the cantilever allows distinguishing between
insulating and conductive parts of the sample [34,33].

EFM characterization of S1 graphene fraction is shown in Figure 7. There is no response observed
when 0 V voltage is applied to the sample, indicating that results are not influenced by the
topography of the sample and the applied lift height is correct, as previously mentioned. Graphene
flakes can be distinguished when a voltage is applied to the tip. In the case of -6 V applied voltage
a dark contrast is observed on the phase image indicating attractive forces between the tip and the
sample. On the contrary, when 6 V voltage is applied, graphene flakes appear bright indicating
repulsive forces between the tip and the sample. This behavior is typical of positively charged
specimens, where Coulomb interactions are dominant over induced polarization effects [44,45].
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Figure 7. EFM phase images obtained at bias voltage of -6 V (left), OV (center) and 6 V (right) of
S1 graphene fraction. Scan size: 2 pm x 2 um

3.5. Cellular structure of polyurethane foam/graphene nanocomposites

The cellular structure of the foam matrix and nanocomposites was analyzed by SEM and the obtained
images are shown in Figure 8. When comparing nanocomposites with bare foam matrix, it could be
seen that some cell walls were torn possibly due to the sonication technique used for the incorporation
of graphene. Moreover, in the images obtained at 50X magnification some particles which could be
stacked graphene flakes were observed. Analyzing the cell walls at higher magnification (10000X)
some flakes which could correspond to graphene were observed. Their appearance was in accordance

to other structures observed in some works concerning polymer/graphene nanocomposites [46—48].
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Figure 8. SEM images of (a) foam matrix, (b) FG1 and (c) FG2 nanocomposites obtained at 50X
magnification and SEM images of (d) FG1 and (e) FG2 nanocomposites obtained at 10000X

magnification.
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3.6. Electrical properties of nanocomposites

The electrical properties of the nanocomposites were analyzed from intensity-voltage curves,
obtained in Keithley equipment for the analysis of semiconductors. Undeformed nanocomposites,
Figure 9a, showed a linear intensity-voltage relationship and the curve corresponding to each
nanocomposite showed different slopes, suggesting that the electrical resistance of each one would
be different. The electrical resistance values, calculated by applying the Ohm’s law, were of 0.3x10°
and 5.0x10° Q for samples FG1 and FG2, respectively. According to this, semiconductor
nanocomposites were obtained by the incorporation of low contents of graphene [49]. Moreover, it
was observed that graphene content had a direct effect over the electrical resistance of the

nanocomposites.

Apart from the adhered graphene content, the differences of the electrical resistance as a consequence
of compressive deformation were analyzed. Each nanocomposite was compressed until a 70%
deformation value and the change in electrical resistance for each deformation value was measured
(Figure 9b). A reduction on the electrical resistance was observed when the sample was deformed.
Regions of different behavior were observed in the curves. At very low deformations (until 5-6%) the
decrease of the electrical resistance was pronounced. In intermediate deformations nanocomposites
showed a plateau-like behavior. At high deformations (above 40%) the decrease of the electrical
resistance was again notorious. It was observed that these three regions would coincide with
compressive stress-strain curves of polyurethane foams [50]. According to this, the first region would
correspond to the elastic bending of foam cell struts. In the plateau region cell struts are supposed to
collapse and consequently deformation values increase with low changes in stress. In the last region,
the cells would be collapsed and the stress increases rapidly with low deformations. Turning to the
electrical properties, it seemed that the elastic bending of cell struts and the deformation posterior to
cell collapse improves the contact between graphene flakes reducing the electrical resistance. The

collapsing stage seemed not to have influence over this effect.
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Figure 9. (a) Intensity-voltage curves of nanocomposites and (b) evolution of the electrical resistance

of nanocomposites with the deformation.

4. Conclusions

Graphene flakes were obtained from graphite powder by liquid exfoliation technique using
N-methyl pyrrolidone as solvent. The posterior separation by centrifugation proved to be suitable to
obtain graphene fractions of different flake size depending on final centrifugation rate. Combination
of Raman spectroscopy, atomic force microscopy and transmission electron microscopy allows to
assess graphene flake size and the number of layers quantitatively. According to AFM analysis,
flake size varied from 5 um to 400 nm and flake thickness varied from 8 to 1.5 nm when
final centrifugation rate changed from 500 to 4000 rpm, respectively. The reduced number of
layers of S1 fraction was confirmed by TEM analysis. By means of electrostatic force microscopy

both flake size and electrical conductivity could be assessed simultaneously and in a straightforward
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manner.
Graphene containing polyurethane foam nanocomposites were successfully prepared by
incorporating graphene flakes from S1 fraction to polyurethane foams by using the ultrasound assisted

impregnation method. The presence of graphene flakes was checked by SEM analysis.

Graphene provides foam matrix with electrical conductivity. Graphene content has high influence of
electrical resistance values. Apart from this, it was seen that the electrical resistance of the
nanocomposites was sensitive to compressive mechanical deformation. This property confers the
material potential applicability in sensing applications such as piezoresistive or pressure sensitive
materials. The contact between graphene flakes seems to improve as a consequence of the elastic
bending of cell struts and the structure posterior to cell collapse, diminishing the electrical resistance.
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FIGURE CAPTIONS

Figure 1. Raman spectra (a) and Ip/lg ratio (b) of exfoliated graphene fractions and graphite.
Figure 2. AFM height images (left) and cross sectional profiles (right) of (a) S5, (b) S4, (c) S3 and
(d) S1 graphene fractions.

Figure 3. S1, S3, S4 and S5 dispersions prepared at 0.005 mg mL* in CH

Figure 4. TEM image of analyzed S1 graphene flake.

Figure 5. TEM images (a and b) taken from zone 1 and (c) taken from zone 2 defined in
previous figure (left), TEM images obtained from the areas indicated by the dashed rectangles on the
left (center) and TEM images obtained from the areas indicated by the dashed rectangles on the center
(right).

Figure 6. Intensity profiles calculated along the white lines shown in (a) Figure 5a right, (b) Figure
5b right, and (c) Figure 5c right.

Figure 7. EFM phase images obtained at bias voltage of -6 V (left), OV (center) and 6 V (right) of
S1 graphene fraction. Scan size: 2 pum x 2 um

Figure 8. SEM images of (a) foam matrix, (b) FG1 and (c) FG2 nanocomposites obtained at 50X
magnification and SEM images of (d) FG1 and (e) FG2 nanocomposites obtained at 10000X
magnification.

Figure 9. (a) Intensity-voltage curves of nanocomposites and (b) evolution of the electrical

resistance of nanocomposites with the deformation.
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