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ABSTRACT: Mass production of graphene was successfully achieved
with a simple and environmentally friendly electrochemical exfoliation
approach. The obtained graphene was noncovalently modified by
ligninsulfonate and iron ion (Fe-lignin) to form the flame retardant
functionalized graphene sheets (FGNS). Subsequently, FGNS was
introduced to reduce fire hazards of thermoplastic polyurethane
(TPU). The FGNS/TPU nanocomposites presented higher thermal
conductivity, thermal stability, and flame retardancy than those of neat
TPU. By adding 2.0 wt% FGNS, a significant reduction (62.8%) in
peak heat release rate (pHRR) and high char yield (from 3.6 to 9.4 wt
%) were observed. During the combustion, in situ formed char derived
from catalysis action of Fe-lignin can protect the layer structure of
graphene to further hinder the transfer of pyrolysis volatile with barrier effect. The simple exfoliation and effective
functionalization of graphene shows a promising application prospect in polymer nanocomposites.

1. INTRODUCTION

Graphene is rapidly developed in many applications, such as
electronic devices,1 sensors,2 catalysts,3 and flame retardants.4

At present, there are three primary approaches to prepare
graphene: (i) chemical exfoliation of graphite, (ii) direct
exfoliation by shear force or ultrasonic in polar solvent, and (iii)
electrochemical exfoliation of graphite. Quite a number of
reports in regard to graphene use the graphite oxide means, due
to high yield and abundant organo-functional groups. Wang et
al. simultaneously modified and reduced graphene oxide with
POSS for endowing high fire safety to epoxy composites. In
addition, direct exfoliation in liquid phase is also accepted
because it can obtain high quality graphene sheet. Aneja et al.5

fabricated graphene based anticorrosive coatings through high
shear liquid exfoliation route and prominently increased the
corrosion resistance. However, it is not negligible that inevitable
drawbacks exist in the aforementioned two routes. Although
the graphite oxide route can provide high yield of graphene
sheet, the structure and lattice of graphene are inevitably
destroyed in the rigorous oxidation process.6 On the other
hand, direct exfoliation in solution gets high quality graphene
sheet at the cost of low output. Only simultaneously meeting
the demands of high yield and low defect, graphene can be
extensively applied in industrial fields. Compared to the first
two approaches, electrochemical exfoliation can acquire large
quantities of graphene sheets (a high yield >85%) and a higher
quality (a C/O ratio of 17.2) than those of reduced graphene
oxide (RGO) in carbon lattice and structural perfection.7

Furthermore, electrochemical exfoliation avoids the consump-

tion of hazardous chemicals and the reduction process, which is
more environmentally friendly than that of chemical exfoliation
of graphite. Recently, electrochemically exfoliated graphene had
been applied in many fields, such as transparent conductive
films8 and high-rate energy storage,9 metal-free catalysts,10 and
flexible supercapacitors.7 But for the moment, electrochemically
exfoliated graphene is rarely reported in the application of
polymer nanocomposites. This article first employs electro-
chemistry exfoliated graphene to improve the flame retardancy
of TPU.
Thermoplastic polyurethane (TPU) as a kind of elastomer

has been widely used in coating,11 adhesives,12 and
composites.13 Xiang et al.12 reported that polyurethane used
as the interlayer can effectively bound the carbon materials to
the Kevlar fiber with a durable conductivity. Amir et al.14

prepared graphene based polyurethane resin fibers by a
pressurized gyration process, and opened a new approach to
produce graphene reinforced composite fibers. However, the
application of TPU is remarkably hindered because of its high
flammability. Therefore, it is crucial to enhance the flame
retardancy of TPU and simultaneously maintain its high
mechanical property. In previous literatures, nanofiller has been
applied to improve the various performances of polymer, such
as CNT,15 metal oxides,16 and so on.17 However, nanofiller
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usually play a synergistic role in flame retardant system for
polymer composites due to itself distinction. Unlike above
nanofiller, two-dimensional materials have presented a
significant impact on the fire safety and the mechanical
properties of polymer.17,18 For example, reduced graphene
oxide can obviously inhibit the combustion of polymer, due to
the physical barrier effect.19 Only by maintaining the lamellar
morphology, can graphene take full advantage of the shield
effect in the combustion process of polymer. However, the layer
structure of RGO is easily damaged during the burning process.
To overcome this limitation, Feng et al.20 employed chitosan to
simultaneously reduce and modify the graphene oxide (GO);
the char derived from chitosan covered on graphene sheets can
form a protective char layer to improve the flame retardancy of
poly(vinyl alcohol). Bao et al.21 functionalized GO with char-
catalyzing agents, which could improve char formation to
maintain the stratified structure of nanofillers. However, a lot of
waste of chemical reagent and a tricky step are fatal flaws for
chemical exfoliation in the popularization of graphene for
practical application. Stemming from the consideration of
environmental protection and simple process, electrochemical
exfoliation is an alternative way to provide a good future view
for the application of graphene.
In this work, we obtained a high quality and low defect

graphene by an environmentally friendly electrochemical
exfoliation route. The iron lignosulfonate with high char yield
was employed to surface modify the graphene in a noncovalent
way and protect the lamellar structure from falling apart. Then
functionalized graphene was added into TPU matrix by a
combination of co-coagulation and the compression molding
technique. The effect of functionalized graphene on flame
retardancy, mechanical performance, and thermal conductivity
of TPU was investigated.

2. EXPERIMENTAL SECTION

2.1. Materials. Graphite piece (purity ≥99%) was
purchased from Xinda Material Co., Ltd., China. Sodium
sulfate (Na2SO4, AP), iron chloride (FeCl3, AP), and N,N-
dimethylformamide (DMF, AP) were offered by Sinopharm
Chemical Reagent Co., Ltd., China. Sodium ligninsulfonate was
obtained from Xiya Chemical Reagent Corp without further
purification. Thermoplastic polyester polyurethane (TPU) was
provided by Bangtai Material Co., Ltd., China.
2.2. Electrochemical Preparation of Graphene. The

electrochemical exfoliation process was operated in a two-
electrode configuration which a sustained and steady potential

(∼10 V) was carried out. The graphite slice (2.0 cm × 3.0 cm ×
0.3 mm) and a copper rod were used as working and counter
electrodes, respectively, and were immersed in an electrolyte.
The electrolyte for the exfoliation was prepared by dissolving
Na2SO4 (0.05 mol) in deionized water (100 mL) with 500 mL
beaker. The distance of separated electrodes was kept at 1 cm
and parallel during the electrochemical preparation process,
moreover the temperature was kept at 0 °C. After 4 h, the
solution was centrifuged for 10 min at 1500 rpm to separate the
unexfoliated graphite. Then the exfoliated graphene sheets
(GNS) were collected through vacuum filtration and
thoroughly washed with deionized water. Finally, the filter
cake was dried in an oven at 80 °C for 24 h to remove the
excess water.

2.3. Preparation of Functionalized Graphene. Sodium
ligninsulfonate (10.0 g) was dissolved in deionized water (500
mL) in a 1000 mL three-necked flask equipped with a
mechanical stirrer. GNS (1.75 g) was dispersed in deionized
water (400 mL) with assistance of vigorous stir and ultrasound
for 2 h. Then the homogeneous suspension of GNS was slowly
added into the sodium ligninsulfonate solution and stirred for 6
h to ensure the noncovalent adsorption. The obtained
suspension was thoroughly washed with deionized water by
vacuum filtration to remove the needless sodium ligninsulfo-
nate. Afterward, the modified graphene (L-GNS) was dispersed
again in deionized water (400 mL) and placed in a sonication
bath for 2 h with strong stirring. Then the L-GNS dispersion
was gradually added into a FeCl3 solution, in which 10 g FeCl3
was dissolved in 500 mL deionized water in a 1000 mL three-
necked flask. Similarly, a sufficient and violent stir for 6 h was
handled to guarantee the complete complexation between iron
ion and sodium lignosulfonate. The final product was collected
by vacuum filtration and rinsed drastically with DMF. The
obtained product was dried in a vacuum at 80 °C for 2 days to
remove the residual solvent. Figure 1 illustrates the overall
functionalization of graphene (FGNS).

2.4. Preparation of TPU/FGNS Composites. TPU was
dried in an oven at 100 °C for 24 h in order to remove
absorbed water. The TPU nanocomposites were fabricated by a
co-coagulation plus compression molding technique. Briefly,
49.75 g of TPU was dissolved in 100 mL of DMF at 80 °C
through a vigorous agitation for 2 h. FGNS (0.25 g) was
dispersed in 100 mL DMF with ultrasonication to obtain the
FGNS suspension. Following, the FGNS suspension was mixed
with TPU solution under vigorous agitation. The mixture was
then poured into 500 mL of deionized water under slight

Figure 1. Illustration for electrochemical exfoliation of graphite and the functionalization process.

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.6b02579
Ind. Eng. Chem. Res. 2016, 55, 10681−10689

10682

http://dx.doi.org/10.1021/acs.iecr.6b02579


stirring to obtain the flocculate of TPU/FGNS composites
(TPU-0.5). The obtained flocculate was filtered and dried at
100 °C under oven for 24 h to remove adsorbed water. Other
samples containing 1.0 and 2.0 wt% FGNS were produced by
the same method. Finally, the sample was hot-pressed into
sheets of appropriate size under 10 MPa at 190 °C for 10 min.
2.5. Measurements and Characterization. X-ray dif-

fraction (XRD) measurements were recorded using a Japan
Rigaku D/Max-Ra rotating anode X-ray diffractometer
equipped with a CuKα tube and Ni filter (λ= 0.1542 nm).
The scope was 5−70° with a scan step of 4° min−1 scanning
rate.
Fourier transform infrared spectroscopy (FTIR) signal was

collected by a Nicolet 6700 spectrometer (Nicolet Instrument
Company) in the 400−4000 cm−1 region to analyze sample
with the transmission mode.
Raman spectroscopy was handled with a SPEX-1403 laser

Raman spectrometer (SPEX Co., U.S.) with excitation provided
in backscattering geometry by a 514.5 nm argon laser line.
Thermogravimetric analysis (TGA) was probed by the TGA

Q5000 IR thermogravimetric analyzer (TA Instruments, U.S.)
from 50 to 800 °C with a heating rate of 20 °C min−1 in
nitrogen atmosphere.
Transmission electron microscopy (TEM) was performed

through a JEOL JEM-2100F transmission electron microscope
at an accelerating voltage of 200 kV.
Dynamic mechanical analysis (DMA) was carried out with a

DMA Q800 instrument (TA Instruments Inc., U.S.) at a
frequency of 10 Hz and a temperature range from −80 to 150
°C at a linear heating rate of 5 °C min−1.
The measurements of tensile strength and elongation at

break were carried out through a CMT4204 universal
instrument (MTS Systems Co. Ltd., China) in accordance
with the Chinese standard of GB 13022-91. All samples were
manufactured into the dumbbell shape with a razor blade in
200 mm/min rate.
The thermal conductivity was measured using a hot-disk

thermal analyzer (TC 3000E, Xia xi technology, China) at
room temperature, adopting the transient plane source
technique.
X-ray photoelectron spectroscopy (XPS) measurement was

used to research the surface element of the hybrids, with a
Kratos Axis Ultra DLD spectrometer employing a mono-
chromatic Al Kα X-ray source (hν = 1486.6 eV), hybrid
(magnetic/electrostatic) optics, and a multichannel plate and
delay line detector.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Exfoliation and Noncovalent
Functionalization. The XRD patterns were used to
investigate the crystal structure of graphite, GNS, L-GNS,
and FGNS. There is a remarkable difference between the XRD
patterns (Figure 2a) of graphite and the others. A sharp peak at
26.6° indicating the interlayer spacing of graphite was greatly
crippled in the other three curves. This phenomenon confirms
that graphite was successfully exfoliated by electrochemical
approach.7 Among all of the curves, the reflection peak of GO
(002) is unable to be found, indicating a weak oxidation degree
of exfoliated graphene. The L-GNS and FGNS exhibit the
weaker reflection peak than that of GNS, which is attributed to
that iron lignosulfonate effectively adsorbed on the graphene
surface and inhibited by the restack of graphene.
Raman spectroscopy was always performed to investigate the

structure of carbonaceous materials. An argon laser line of
514.5 nm was applied, and samples were directly deposited on
the quartz slice in the absence of solvents. Raman spectra of
GNS, L-GNS, FGNS, and Fe-lignin are shown in Figure 2b.
Two peaks located around 1355 and 1588 cm−1 could be
observed in the fore three Raman spectra, which are called D
band and G band, respectively.22 The D band (around 1360
cm−1) which originates from one breathing mode of k-point
photons of A1g symmetry is a defect-induced band and derived
from the defective graphite structures. The G band (around
1600 cm−1) originates from sp2-bonded carbon atom in a 2D
hexagonal lattice. In some literature, the relevant intensity ratio
of D and G bands (ID/IG) is regarded as an effective measure to
evaluate the disorder degree of carbon materials.23 By
comparing the ID/IG values of GNS (1.27), L-GNS (1.40),
and FGNS (1.31), it can obviously be seen that the
functionalization process did not overmuch destroy the
structure of graphene sheets. In addition, the pronounced D
peak is mainly due to the inevitable oxidation when exfoliation
process was performed on anode. Considering the existence of
sodium lignosulfonate, it is no wonder that L-GNS express
higher ID/IG than GNS, because absorbed sodium lignosulfo-
nate is likely regarded as defect of graphene. It is noteworthy
that Fe-lignin exhibits two peaks located around 1338 and 1593
cm−1. The band at 1593 cm−1 merged with G band (1588
cm−1) to give higher intensity of G band for FGNS.24

Therefore, the further modification of L-GNS with iron ion
may cause a decrease in the ID/IG values for FGNS (1.31) from
L-GNS (1.40).

Figure 2. (a) XRD patterns of graphite, GNS, L-GNS, and FGNS; (b) Raman spectra of GNS, L-GNS, FGNS, and Fe-lignin.
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TEM measurement was used to characterize the morphol-
ogies of GNS, L-GNS, and FGNS. Figure 3a presents a typical

TEM image of GNS, in which the graphene exhibits thin flaky
and weak wrinkle morphologies. Compared to the RGO
reported in previous article,25 electrochemically exfoliated
graphene shows less wrinkle in surface morphology. This
phenomenon manifests that electrochemically exfoliated
graphene possesses a more smooth surface and lower defect.
Consistent with the previous study, electrochemically exfoliated
graphene owns a large flake size with several micrometers in
length due to mild experimental conditions (Figure 3).7,26

Moreover, the absorbed Fe-lignin did not destroy the flaky
morphology and large lateral size of graphene sheet during the
process of surface functionalization.
FTIR measurement was carried out to confirm the successful

modification of graphene, as presented in Figure 4a. The FTIR
spectrum of GNS reveals some representative absorption peaks
of oxygen-containing group: O−H stretching vibration (3433
cm−1), CC or H2O vibration (1630 cm−1). Compared to
GNS, L-GNS and FGNS exhibit a new peak at 2922 cm−1,
which is attributed to the asymmetric vibration of alkyl group.
The appearance of alkyl group indicates the stable absorption of
ligninsulfonate on the surface of graphene. As for L-GNS, the
peak at 1057 cm−1 can be assigned to the symmetric of the
−SO3

− group.27 In Figure 4, GNS and sodium lignosulfonate
present a traditional broad υO−H at 3000−3600 cm−1, centering
at 3433 and 3432 cm−1, respectively. However, it is obvious to
find that red shift exists in the υO−H of L-GNS (3415 cm−1).
This phenomenon illustrates that sodium lignosulfonate
combines with GNS via formation of hydrogen-bond
action.28,29 In addition, analogous red shifts can be observed
at the bending vibration of Ar−H (from 773 to 758 cm−1) and
the CC stretching of benzene ring (from 1599 to 1579
cm−1). All of the results indicate the mechanism of sodium
ligninsulfonate functionalized graphene is based on π−π
interaction and hydrogen bonding.30 As might have been

expected, the absorption peak that belonged to the −SO3
−

group could not be found after complexing with iron. In
addition, a new strong peak at 1082 cm−1 appears in the FTIR
spectrum of FGNS. In general, when organic ligands combine
with metal ion, the frequency and wavelength of chemical bond
will obviously be changed.31 It is thought that the variation of
absorption peak of FGNS is attributed to the complexation
between iron and lignosulfonate, which creates an intense
dative bond. These results prove the successful combination
between iron ion and lignosulfonate, as well as the attachment
on the surface of graphene.
In order to further confirm the successful modification of

GNS, XPS was performed to investigate the surface element
characters of GNS, L-GNS, and FGNS (Figure 4b). The XPS
data indicates the low oxidation of electrochemically exfoliated
GNS, which only contains 12.33% of oxygen and is lower than
that of RGO.28 In contrast the new S 2p and Fe 2p peaks of
absorbed Fe-lignin can be observed in the XPS spectrum of
FGNS. The result also demonstrates the successful function-
alization of GNS through noncovalent attachment and further
complexation.

3.2. XRD Analysis of TPU/FGNS Nanocomposites.
Figure 5 presents the X-ray diffraction curves of pure TPU

and the TPU/FGNS nanocomposites. A broad peak at 2θ ≈
19.4° can be observed in the curves of the pure TPU and TPU/
FGNS nanocomposites. It illustrates the incorporation of
FGNS does not obviously affect the crystallization performance
of TPU. When the FGNS content was only 0.5 wt%, it was not
found by the peak near 26.6°. Even though the concentration of
FGNS receives 1.0 wt%, only a feeble peak can be caught in

Figure 3. TEM images of (a) GNS, (b) L-GNS, and (c) FGNS.

Figure 4. (a) FTIR spectra of GNS, L-GNS, and FGNS; (b) XPS survey scans of GNS, L-GNS, and FGNS.

Figure 5. XRD patterns of TPU and nanocomposites.
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26.6°. This confirms a good dispersion of FGNS in TPU matrix
at low FGNS content. For TPU-2.0, high content of FGNS and
large specific surface area lead to partial stack of FGNS. The
phenomenon is consistent with previous reports.32

3.3. Mechanical Behavior of TPU/FGNS Nanocompo-
sites. The interfacial interaction of nanofiller in polymer matrix
plays a vital factor to improve various performances of polymer
nanocomposite, especially in mechanical property. SEM was
carried out to investigate the fracture morphologies of TPU/
FGNS nanocomposites and evaluate the interfacial interaction.
It is obviously found that pure TPU exhibits a smooth and flat
cross section (Figure 6a and d), indicating a typical brittle

failure. When FGNS was introduced into polymer matrix, the
fracture surfaces of TPU composite became rough and uneven,
indicating the strong interfacial adhesion between FGNS and
TPU matrix. As revealed in Figure 6c and f, visible agglomerates
could not be observed.
Due to the strong interfacial interaction, efficient load

transfer from weak polymer chains to robust graphene can
obviously improve the mechanical properties of TPU nano-
composites. The tensile test (Figure 7a) was carried to
investigate the reinforcement of FGNS on the mechanical
properties of TPU nanocomposites. According to the stress−
strain plots of TPU and its nanocomposites, introduced FGNS
can obviously improve the tensile strain when maintaining a
considerable elongation. It owes to the organic portion of Fe-
lignin that enhances the load delivery to the robust inorganic
filler with improved interface interaction. The high two-
dimensional sheet concentration breaks the tangle of polymer
chain and causes continuous cracks, decreasing the mechanical
properties of polymer.33 Therefore, increasing FGNS content
leads to simultaneous decrease in both tensile strength and

strain at break. Besides, Figure 7b displays the storage modulus
of neat TPU and TPU-2.0. The storage modulus of TPU-2.0
exhibits a significant improvement in all the temperature ranges
compared to that of pure TPU. It indicates that incorporating
FGNS restrains the movement of chain segment on account of
the nature of FGNS and the enhanced interface interaction
between nanofiller and TPU matrix.

3.4. Thermal Properties of TPU/FGNS Nanocompo-
sites. TGA is a universal equipment to assess the thermal
stability of TPU and its composites. In Table 1, a negligible

disparity about the 5% weight loss temperature (T−5%) of TPU
nanocomposites is found, indicating the incorporation of FGNS
did not change the initial degradation process of TPU. As
Figure 8a and Table 1 stated, adding FGNS can obviously
increase the char residues of TPU nanocomposites, which is
triple over that of pure TPU when 2.0 wt% FGNS is
incorporated. It is attributed to the protective char particles
derived from Fe-lignin covered on the surface of graphene, thus
forming the graphene based char layer with an intact lamella.
The thermal conductivity of TPU nanocomposites was
improved by introducing FGNS and the degree of enhance-
ment depends on the contents of FGNS (Figure 8b). The
thermal conductivity of TPU-0.5 was clearly increased
compared to that of pure TPU. The TPU-2.0 exhibits the
highest enhancement on thermal conductivity. According to
previous report,34 the thermal conductivity of polymer
nanocomposites depends on the dispersion degree and intrinsic
property of graphene. In this case, the well-dispersion and
inherent high thermal conductivity of FGNS are the two key
points to result in the dramatic enhancement on thermal
conductivity.

3.5. Flame Retardancy of TPU/FGNS Nanocomposites
and Char Residues after Cone Calorimeter. The
flammability of polymers were evaluated by cone calorimeter,
which is a universal and effective tool in investigating the
combustion behavior. Heat release rate (HRR) and total heat
release (THR) curves of TPU and its composites are depicted

Figure 6. SEM images of the fractured surfaces of (a and d) TPU, (b
and e) TPU-1.0, and (c and f) TPU-2.0.

Figure 7. (a) Stress−strain curves of TPU and nanocomposites and (b) storage modulus of TPU and TPU-2.0.

Table 1. TGA Data of TPU Nanocomposites in Nitrogen
Atmosphere

sample
T‑5%
(°C)

Tmax1
(°C)

Tmax2
(°C) char residue at 700 °C (wt%)

TPU 287 300 399 3.6
TPU-0.5 289 309 402 4.2
TPU-1.0 285 322 378 5.9
TPU-2.0 286 327 371 9.4
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in Figure 9. It could be found that the neat TPU burned
violently with a sharp HRR peak (1408 kW m−2). Evidently,
compared to pure TPU, the pHRR value of TPU nano-

composites gradually decreased with increasing the contents of
FGNS (Figure 9a). Through adding 2.0 wt% FGNS, pHRR
decreased by more than half of the original level (from 1408 to

Figure 8. (a) TG curves of TPU and its composites under nitrogen atmosphere. (b) Thermal conductivity plot of TPU nanocomposites at different
contents.

Figure 9. (a) HRR and (b) THR vs time curves of TPU and its composites.

Figure 10. Digital photographs of the char residue of (a) TPU and (b) TPU-2.0 after cone calorimetry test. Raman spectra of the char residues of (c)
TPU and (d) TPU-2.0.
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523 kW m−2). Moreover, from Figure 9b, the THR of TPU-2.0
(78.6 MJ m−2) was considerably reduced compared to pure
TPU (63.9 MJ m−2). Benefited from the catalytic carbonization
of Fe-lignin, in situ formed char on the surface of graphene
prevents the lamella structure of FGNS from overburning and
thus forms the protective char layer. This stable char layer
effectively hinders the delivery of degradation production with
shield effect, thus imparting the excellent flame retardancy to
TPU materials. As reported in previous literature,35 graphene-
based flame retardants usually decreased the ignition time.
Obviously, it is attributed to the enhanced thermal conductivity,
which facilitates the delivery of heat from the surface into the
interior of TPU matrix.36

Figure 10 shows digital photographs of the residual char of
TPU and TPU-2.0 after cone calorimetry test. Obviously, pure
TPU was almost completely combusted, leaving threadlike char
(Figure 10a). After introducing FGNS, residual char was clearly
increased and it created a continuous extensive carbon layer
(Figure 10b). Raman spectroscopy is a key tool to characterize
carbonaceous materials. The structure of char residues indicates
vital message regarding the flame retardant mechanism. Figure
10c and d present the Raman spectra of the char residues of
TPU and TPU-2.0. Two remarkable peaks at 1373 and 1590
cm−1 are seized in the two spectra, relating to D and G bands.
Generally, the proportion of the relevant intensity of G to D
peak (IG/ID) is used to estimate the graphitization degree of the
residual char.23 The IG/ID of the char of TPU-2.0 (0.35) is
obviously higher than that of the pure TPU (0.27). In terms,
the addition of FGNS facilitates formation of high graphitized
residue char with the shield effect, which is able to prevent the
transfer of volatile by a more stable structure.

With the purpose of investigating the effect of FGNS, the
element characters of residual char were studied by XPS. As
Figure 11a indicates, iron exists in the remaining char and the
peak at 711 eV can be assigned to the iron trioxide.37 During
the conversion from organic-iron complex to iron oxide, iron
catches free radical from polymer matrix and plays a catalytic
cross-linking effect to enhance the compactness of char.37

Compared to neat TPU, the C/O atomic ratio is increased
from 11.0 to 13.5 for the residual char of TPU-2.0, indicating
the enhanced carbonization degree. The intensity of peak
responding to the C 1s in the residual char of TPU-2.0 is higher
obviously than that of pure TPU (Figure 11c and d). This
phenomenon is in good agreement with above results and
further verifies that the addition of FGNS can reduce the fire
hazards of TPU nanocomposites by enhancing carbonization
performance.

4. CONCLUSIONS

In this article, high quality and low defect graphene was
prepared by an environmentally friendly and high yield
electrochemical exfoliation route. Then the graphene was
successfully modified through π−π interaction and complexing
action, which was confirmed by multiple tests (Raman spectra,
FTIR, and XPS). Further, the TPU/FGNS nanocomposites
were fabricated with a combination of co-coagulation and the
compression molding technique. The incorporation of FGNS
enhanced the thermal stability and thermal conductivity of
TPU nanocomposite, due to the proper surface modification
and intrinsic excellent performance of FGNS. Compared to
pure TPU, the heat release rate was obviously inhibited
(decline 63%) and the mechanical properties were significantly
improved. The mechanism for these improvements was clearly

Figure 11. (a) XPS spectra of the char residues of TPU and TPU-2.0 after cone calorimetry test; (b) XPS spectra of Fe 2p. High-resolution C 1s
XPS spectra of the char residues of (c) TPU and (d) TPU-2.0 after cone calorimetry test.
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interpreted. During combustion, the catalytic charring action of
iron lignosulfonate together with the physical barrier effect of
graphene sheets can form a protective char layer to restrain the
transfer of flammable pyrolysis volatiles, thus improve the flame
retardant property of TPU/FGNS nanocomposites. The
reinforced mechanical behaviors of TPU nanocomposites was
attributed to the bridging effect of lignin molecules, which can
improve the load transfer efficiency with enhanced interaction
between FGNS and TPU matrix.
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