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The development of strong-yet-ductile polymer nanocomposites is critical, but still faces a great challenge.
Herein, a hybrid carbon nanofiller consisting of one-dimensional carbon nanotube (CNT) and two-dimensional
graphene (G) was molecularly engineered, and the as-prepared G-CNT hybrid nanofiller was then solution-
casted with thermoplastic polyurethane (TPU) for the fabrication of TPU nanocomposite films. Due to the for-
mation of unique network structure with multiple interactions of G-CNT hybrid within TPU matrices, the as-
fabricated TPU nanocomposites showed simultaneously improved mechanical strength and toughness. With
addition of only 1wt% G-CNT hybrid, the tensile strength and toughness of TPU/(G-CNT) nanocomposite
reached 69.5 MPa and 246.2 MJ m ™3, 1.9 and 2.9 times over that of neat TPU, respectively. The significant and
simultaneous enhancement in mechanical strength and toughness of TPU nanocomposites is attributed to ho-
mogeneously distributed G-CNT hybrid and its unique energy dissipations due to factures at different defor-
mation stages upon tensile deformation. The work therefore provides a simple and efficient strategy for
fabricating mechanically strong and ductile polymer nanocomposites with molecular-engineered hybrid carbon
nanofillers.

1. Introduction between nanofillers and polymer matrices is strong, a high reinforcing

effect of nanofillers can be achieved due to efficient load transferring

Polymer nanocomposites have drawn much attention in recent years
due to their integrated structural and functional performance in new-
emerging applications of aerospace, electromagnetic shielding, anti-
static material and energy conversion/storage [1-8]. Due to strong ag-
gregation tendency of nanofillers within polymer matrices [9-13], it is
critical to fabricate high-performance polymer nanocomposites by
achieving a uniform dispersion of nanofillers in polymer matrices and
strong interfacial interaction between nanofillers and polymer matrices,
which are research hotspots in this field for recent years [14-18].
Interfacial engineering of interactions between nanofillers and polymer
matrices provides a feasible way to construct high-performance polymer
nanocomposites [19-23]. Specifically, when the interfacial interaction

upon tensile. However, in this case, high-modulus nanofillers will also
greatly restrict the mobility of polymer chains, which will dramatically
reduce the toughness of as-prepared polymer nanocomposites [17,24].
On the contrary, when the interfacial interaction between nanofillers
and polymer matrices is weak, such weak interactions including n-n
interfacial interaction [13], hydrogen bonding [12], metal-ligand co-
ordination [19,25] and ionic bonding [5,15] make it impossible to form
effective load transferring between nanofillers and polymer matrices,
thus greatly weakening the reinforcement effect. However, fracture
energy will be preferentially absorbed due to destroy of weak interfacial
interactions between nanofillers and polymer matrices upon deforma-
tion, which is helpful to improve the toughness of as-prepared polymer
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nanocomposites [26,27]. The most common methods to construct
polymer nanocomposites with multiple interfacial structures have been
developed by surface modifications of nanofillers with multi-level
interfacial regions [28]. However, the surface functionalization of
nanofillers relies too much on complex and energy-consuming organic
synthesis methods, which greatly restricts low-cost and large-scale
preparation and application of polymer nanocomposites. Therefore,
the construction of polymer nanocomposites with multiple interfacial
structures by a simple and controllable method shows very important
research and application prospects, which has become a challenge in
this field.

Carbon nanofillers, such as graphene (G) and carbon nanotube
(CNT), are promising reinforcing nanofillers due to their large surface
area, high modulus and strength [29-32]. The construction of G-CNT
hybrid with G and CNT building blocks can effectively overcome easy
aggregations of G and CNT themselves, thus maximizing their inherent
excellent physical properties as reinforcing nanofillers. In recent years,
various physical and chemical methods have been used to construct the
G-CNT hybrid. Typically, an in-situ chemical vapor deposition (CVD)
strategy was presented for in-situ growth of CNT on G substrates toward
the preparation of G-CNT hybrid. However, the in-situ CVD growth of
G-CNT hybrid requires high energy consumption, expensive instrument
and complex preparation process, which is difficult to achieve
large-scale and low-cost preparation of G-CNT hybrid materials. In
addition, the graphitization degree of G-CNT hybrid nanofillers obtained
by high-temperature CVD process is high, which makes it difficult to
achieve uniform dispersion and form a strong interfacial interaction
between nanofillers and polymer matrices among as-fabricated polymer
nanocomposites [33,34]. Solution-processed assembly of the G and CNT
provides a simple and efficient approach for construction of G-CNT
hybrid with weak interfacial interactions such as n-n interfacial inter-
action and van der Waals force [35,36]. At present, the addition of
G-CNT hybrid into polymer matrices facilitates largely enhanced me-
chanical strength and modulus of as-fabricated polymer nano-
composites. However, the improvement of toughness of polymer
nanocomposites using the hybrid nanofillers is extremely unsatisfactory
[36-38]. Therefore, it is of great significance and challenge to fabricate
hybrid carbon nanofillers with tailored internal interactions, so as to
achieve simultaneously strengthening and toughening effects on poly-
mer matrixes.

Herein, we demonstrate a covalent-bonding strategy for the con-
struction of unique hybrid carbon nanofiller consisting of 1D CNT and
2D G, thus forming a 3D network structure with multiple interactions.
The as-obtained G-CNT hybrid shows uniform dispersion in polar sol-
vents and polymer matrices. The unique hybrid carbon nanofiller
network with multiple interactions of covalent bonding, n-r interaction
and hydrogen bonding within thermoplastic polyurethane (TPU)
matrices provides efficient energy dissipations under stress, enabling the
as-obtained polymer nanocomposites with simultaneously and dramat-
ically improved mechanical strength and toughness.

2. Materials and methods
2.1. Materials

Graphite oxide was prepared according to a modified Hummers’
method [37]. Raw multi-walled carbon nanotubes (r-CNT, length:
>10 pm, outer diameter: 20-30 nm) were purchased from Chengdu
Organic Chemicals. Epichlorohydrin (CP) was purchased from Aladdin
Chemicals. Polyester-type thermoplastic polyurethane (TPU, Estane
58277) was purchased from BF Goodrich Company. All the other re-
agents were supplied from Sinopharm Chemicals and used as received.
Deionized (DI) water was used throughout the experiments.
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2.2. Preparation of epoxy group-functionalized graphene oxide (epoxy-
GO)

A uniform dispersion of graphene oxide (GO) in water at a concen-
tration of 1.0 mg mL ™! was prepared by adding 100 mg of graphite oxide
into 100 mL of water followed by ultrasonication for 30 min. Upon the
pH value of the dispersion adjusted to 11 using 0.1 M NaOH solution,
10 mL of epichlorohydrin was added into the dispersion, and the mixed
dispersion was heated at 60 °C for 8h under stirring. Epoxy-GO was
collected by filtration, washed with water and dried at 40 °C overnight
in vacuum.

2.3. Preparation of carboxyl group-functionalized CNT (carboxyl-CNT)

The r-CNT (500 mg) was refluxed in 100 mL of concentrated nitric
acid at 120 °C for 6 h. Upon cooling, the suspension was filtered and
washed with water until pH value of filtrate was larger than 5. Carboxyl-
CNT was collected by filtration, washed with water and dried at 80 °C
overnight in vacuum.

The content of carboxylic acid groups on the carboxyl-CNT was
quantitatively analyzed by the back titration method [39]. The
carboxyl-CNT (100 mg) was added into 15 mL of 0.1 M NaOH solution
and stirred for 48 h to allow carboxylic acid groups on the carboxyl-CNT
to equilibrate with NaOH. The mixture was filtered, and then the filtrate
was titrated with 0.1 M HCl to determine the excess amounts of NaOH in
the solution as well as the content of carboxylic acid groups on the
carboxyl-CNT.

2.4. Preparation of GO-CNT hybrid and G-CNT hybrid

The GO-CNT hybrid was prepared by adding 25 mg of epoxy-GO and
25mg of carboxyl-CNT into 100 mL of water under sonication for
30 min. The pH value of the dispersion was adjusted to 11. After refluxed
at 80 °C for 12 h, GO-CNT hybrid was collected by filtration with water
and ethanol separately. G-CNT hybrid was prepared by chemical
reduction of GO-CNT hybrid using hydrazine hydrates at 95 °C for 6 h.
G-CNT hybrid was filtered and dried at 60 °C for 24 h in vacuum. Control
sample of the G/CNT mixture was prepared by directly mixing chemi-
cally reduced epoxy-GO and carboxyl-CNT.

2.5. Fabrication of neat TPU, TPU/G, TPU/CNT, TPU/(G-CNT) and
TPU/G/CNT nanocomposites

TPU pellets (0.5g) was dissolved in 5mL of DMF at 90 °C, while
designed amounts of nanofillers were added into 10 mL of DMF under
ultrasonication for 30 min. The mixed suspension was ultrasonicated for
another 10 min and poured into an Al mold to evaporate the solvent at
80 °C. The TPU/G, TPU/CNT, TPU/(G-CNT) and TPU/G/CNT represent
the nanocomposite films with an average thickness of ~200 pm, with
addition of nanofillers of chemically reduced epoxy-GO (G), carboxyl-
CNT, G-CNT hybrid and G/CNT mixture, respectively. Meanwhile,
control sample of neat TPU was obtained under similar solution-casting
method without addition of any nanofillers.

3. Results and discussion

The schematic of the preparation procedures of the G-CNT hybrid is
illustrated in Fig. 1. First, epoxy-GO was obtained by the displacement
reaction between epichlorohydrin and GO in alkaline (Fig. 1a). Second,
carboxyl-CNT was prepared by the acid treatment of r-CNTs (Fig. 1b).
Finally, epoxy-GO was mixed with carboxyl-CNT in alkaline, to achieve
their covalent coupling into the GO-CNT hybrid. The GO-CNT hybrid
was then chemically reduced into the G-CNT hybrid using hydrazine
hydrates as reducing agents to remove the excessive oxygen-containing
groups and improve the structural integrity of hybrid carbon nanofillers
(Fig. 1c). Serious sediments of rGO and carboxyl-CNT in N,N-
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Fig. 1. Schematic of the preparation procedure of (a) epoxy-GO, (b) carboxyl-CNT and (c) G-CNT hybrid.

dimethylformamide (DMF) are observed at the bottom of vials after left-
standing for 1 week (Fig. 2a). However, colloidal suspensions of as-
prepared GO-CNT hybrid and G-CNT hybrid are well dispersed for 1
week in DMF (Fig. 2a), indicating that the G-CNT network structure
largely inhibits the self-aggregation of rGO and carboxyl-CNT. The dis-
persions of the G-CNT hybrid in other representative organic solvents
were investigated and summarized in Fig. S1. The dispersions of as-
prepared G-CNT hybrid in acetone, n-methyl pyrrolidone (NMP) and
tetrahydrofuran (THF) are observed to exhibit long-term stability com-
parable to that of the dispersion of G-CNT hybrid in DMF. Benefiting
from the simple and efficient preparation procedure, the preparation of
the G-CNT hybrid shows the potential to an up-scaled production. In
one-batch preparation, the G-CNT hybrid can be dispersed in 1000 mL
DMF at a concentration of 1 mg mL! (Fig. S2).

New-emerged characteristic peak (~1250 cm’l) in the Fourier
Transform infrared spectroscopy (FTIR) spectrum of epoxy-GO is

a b

ascribing to C-O-C stretching vibration, indicating the successful
grafting of epichlorohydrin onto GO (Fig. 2b). FTIR spectrum of pristine
CNT shows weak absorption peaks centered at 1040 and 1582 cm ™},
corresponding to the existences of C-OH and C—=C groups, respectively
(Fig. S3). However, for the carboxyl-CNT, new absorption peaks at 1720
and 1228 cm ™! emerge (Fig. 2b), corresponding to the C=0 and C-O-C
stretching, respectively. The content of carboxyl acid groups on the
surface of carboxyl-CNT is determined to be 6.2 mmol g~* by the back
titration method. The surface of carboxyl-CNT can be successfully
functionalized with abundant carboxyl acid groups through the nitric
acid oxidation process. Moreover, FTIR spectrum of GO-CNT hybrid
shows the appearance of C-OH stretching vibration (~1620 cm™ 1) and
the disappearance of C-O-C stretching vibration (~1250 cm™Y), indi-
cating the formation of covalent bonding bridged with epichlorohydrin.
The G-CNT hybrid shows largely decreased peak intensity at
~3430 cm ™! ascribing —~OH stretching vibration compared with that of

epoxy-GO

-OH

Transmittance (a.u.)

carboxyl-CNT

GO-CNT hybrid

G-CNT hybrid

C-0-C

G-CNT hybrid

! GO-CNT hybrid,
| C-OH
inG epoxy-GO

carboxyl-CNT
r-CNT

Intensity (a.u.)

3500 3000 2500 2000
Wavenumber (cm™)

1200 1600 2000 2400
Raman shift (cm™)

1500 1000 2800

— carboxyl-CNT
- 30
[ — G/CNT mixture
— G-CNT hybrid

200 400 600 800
Temperature (°C)

Fig. 2. (a) Photograph showing the dispersion of (i) carboxyl-CNT, (ii) G, (iii) GO-CNT hybrid and (iv) G-CNT hybrid at 1 mg mL~! in DMF, left standing for 1 week.
(b) FTIR spectra of epoxy-GO, carboxyl-CNT, GO-CNT hybrid, G-CNT hybrid and GO. (c) Raman spectra of G-CNT hybrid, GO-CNT hybrid, epoxy-GO, GO, carboxyl-
CNT and r-CNT. TEM images of the G-CNT hybrid at (d) low and (e) high magnifications. (f) TGA curves of carboxyl-CNT, GO, G/CNT mixture and G-CNT hybrid.
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GO-CNT hybrid, confirming the chemical reduction from GO-CNT
hybrid to G-CNT hybrid. Raman spectra play an important role in
detecting the structural evolutions of carbon materials. The GO shows
the Raman spectrum with D and G bands at 1335 and 1604 cm !,
respectively (Fig. 2c¢), corresponding to stretching of sp® and sp? carbon
domains, respectively [40]. Compared with neat GO, Raman spectrum
of epoxy-GO shows a similar Ip/I ratio, with D band slightly red-shifting
to a low frequency. This is because the grafting occurring at GO edges
through carboxyl acid groups would result in the change of graphitic
carbon structure. The Ip/I; ratio increases from 0.29 (r-CNT) to 2.08
(carboxyl-CNT),  indicating the formation of  abundant
oxygen-containing groups on the carboxyl-CNT (Table S1). Interest-
ingly, D and G bands of GO-CNT hybrid shift to 1335 and 1577 cm ™7,
respectively, compared with that of epoxy-GO, clearly indicating the
formation of large-sized in-plane sp? domains and the presence of n-1
interaction between carboxyl-CNT and epoxy-GO [38].

Morphologies of G-CNT hybrid were investigated by transmission
electron microscope (TEM) observations. Carboxyl-CNT is observed to
be in their entangled forms (Fig. S4a), whereas the GO and epoxy-GO
display stacked and wrinkled features (Figs. S4b and S4c). Interest-
ingly, G-CNT hybrid clearly demonstrates homogeneous distributions of
1D CNTs on the surface of 2D G nanosheets, forming 3D interconnected
network structure (Fig. 2d and e). The covalent bonding and n-7 inter-
action between carboxyl-CNT and G inhibit their self-aggregations of
CNT and G. The G-CNT hybrid shows an excellent structural stability
without obvious changes during chemical reduction, compared with
that of GO-CNT hybrid (Fig. S5). Thermal gravimetric analysis (TGA)
measurements were conducted to investigate the thermal stability of G-
CNT hybrid (Fig. 2f). A rapid mass loss between 200 and 300 °C is
observed for the GO, attributing to the decomposition of oxygen-
containing groups. The carboxyl-CNT exhibits a slight mass loss due to
the decomposition of oxygen-containing groups within the defects
among the CNT. The maximum degradation rate for G/CNT mixture
occurs at 199°C (Fig. S6). In contrast, a notable improvement in the
thermal stability for G-CNT hybrid is observed, with maximum degra-
dation rates for two main decomposition stages occurring at 227 °C and
311 °C, respectively (Fig. S6). The largely improved thermal stability for
G-CNT hybrid is probably due to the presence of aromatic structures
among G-CNT hybrid avoiding the decomposition of oxygen functional
groups at the early low temperature [41]. All these results confirm the
successful preparation of G-CNT hybrid with multiple interactions.

The G-CNT hybrid shows a uniform dispersibility in organic solvents,
enabling its applications as a promising nanofiller for fabricating poly-
mer nanocomposites. The TPU nanocomposites containing various
nanofillers of carboxyl-CNT, G, G-CNT hybrid and G/CNT mixture were
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fabricated by the solution-casting method using the DMF as solvent. The
dispersion of nanofillers within TPU nanocomposites is evaluated by
TEM observations. TEM images of TPU/CNT and TPU/G nano-
composites show irregular aggregations of nanofillers (Fig. 3a-d).
Conversely, the G-CNT hybrid shows a fine dispersion of both carboxyl-
CNT and G (Fig. 3e). TEM image of TPU/(G-CNT) nanocomposite shows
an interconnected G-CNT network structure with uniform dispersions of
individual carboxyl-CNT surrounded by G throughout TPU matrices
(Fig. 3f). The improved dispersion of G-CNT hybrid within TPU
matrices, mainly attributing to strong interactions between carboxyl-
CNT and G, is also reflected by largely enhanced mechanical proper-
ties of corresponding TPU nanocomposites.

Mechanical properties of neat TPU and its nanocomposites were
evaluated using a universal material testing machine. Fig. 4a and b show
typical stress-strain profiles, corresponding tensile strength and tough-
ness of neat TPU and its nanocomposites. The tensile strength and
toughness of neat TPU are only 36.2 MPa and 86.2 MJ m >, respectively.
In contrast, the tensile strength and toughness of TPU/(G-CNT) (1 wt%)
nanocomposite reach 69.5 MPa and 246.2 MJ m ™3, respectively, which
are 1.9 and 2.9 times over that of neat TPU (Table 1). The significant
improvement is also reflected on the tensile modulus of corresponding
TPU nanocomposites, when compared to neat TPU. The above results
are ascribed to the facts that the hybrid carbon nanofillers act as physical
crosslinkers within TPU matrices. The increased crosslinking density
may result in the formation of robust network structure among the TPU
nanocomposites. Furthermore, the mechanical strength and toughness
of TPU/(G-CNT) nanocomposites show remarkable improvements
compared with that of TPU/G, TPU/CNT and TPU/G/CNT under the
condition of the same nanofiller content, indicating unique and syner-
gistic effects of G-CNT hybrid when reinforcing TPU matrices.

To quantify the synergistic effects on toughening of TPU nano-
composites, the synergy percentage (S) proposed by Prasadis is modified
as follow [20]:

_ 2KIC), — (KIC; + KICcxr)

N
KICs + KICenr

where KICpy, KICG, and KICcnt represent the toughness of TPU/(G-CNT),
TPU/G and TPU/CNT, respectively.

The TPU/G/CNT nanocomposite exhibits 13% improvement and 9%
reduction in tensile strength and elongation at break, respectively,
compared with that of neat TPU. The calculated toughness S for TPU/G/
CNT is 29.5%. However, the tensile strength and elongation at break for
TPU/(G-CNT) are simultaneously enhanced, and the toughness S for
TPU/(G-CNT) is enhanced by 107.4% compared with that of TPU/G/
CNT, confirming that extra covalent bonding among the G-CNT hybrid

Fig. 3. TEM images of TPU nanocomposites containing 1 wt% (a, b) carboxyl-CNT, (c, d) G and (e, f) G-CNT hybrid, respectively.
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Fig. 4. (a) Typical tensile stress-strain curves, (b) tensile strength and toughness of neat TPU and its nanocomposites. (c) Typical tensile stress-strain curves, (d)
toughness of neat TPU and TPU/(G-CNT) nanocomposites with various contents of G-CNT hybrid.

Table 1
Summary of mechanical properties of neat TPU and its nanocomposites.
Sample Tensile Young’s Elongation at Toughness
strength modulus break (%) (MJ m~3)
(MPa) (MPa)

Neat TPU 36.2+1.7 37.8+4.7 351438 86.2+3.3

TPU/CNT 49.4+ 4.1 68.4+7.9 353+25 131.7+5.9
(1 wt%)

TPU/G 52.1+6.7 67.7+£9.1 195+ 27 76.2+5.0
(1 wt%)

TPU/G/ 53.3+45 68.3+5.3 320+ 46 134.7+7.4
CNT
(1 wt%)

TPU/(G- 45.7 +£3.3 63.4+85 496 + 43 147.7 £9.6
CNT)
(0.2 wt%)

TPU/(G- 58.5+3.2 75.3+5.8 482 + 35 222.8+7.9
CNT)
(0.5 wt%)

TPU/(G- 69.5+5.7 88.6 £8.7 475 +45 246.2+6.3
CNT)
(1 wt%)

TPU/(G- 549+4.2 68.5+6.7 435 +22 186.8 +8.2
CNT)
(2 wt%)

dramatically enhances synergistic toughening effects.

Mechanical properties of TPU/(G-CNT) nanocomposites with
various nanofiller contents were further investigated. Fig. 4c and d show
the influences of the G-CNT contents on mechanical strength and
toughness of as-obtained TPU/(G-CNT) nanocomposites. The tensile
strength and toughness of TPU/(G-CNT) nanocomposites considerably
increase when the G-CNT content increases from 0.2wt% to 1 wt%.
However, the tensile strength and toughness of TPU/(G-CNT) nano-
composites obviously decrease when further increasing the G-CNT
content to 2wt% within TPU matrices. This is because the relatively
high loading of G-CNT hybrid will cause their re-stacking within the TPU

and substantially weakened load transfer from TPU matrices to
nanofillers.

Ex-situ FTIR spectra were conducted to monitor the interfacial in-
teractions between the G-CNT hybrid and TPU matrices during tensile
deformation (Fig. 5), to understand the fracture mechanism and
toughness reinforcement of TPU/(G-CNT) nanocomposites. FTIR spectra
of neat TPU and TPU/(G-CNT) nanocomposites were shown in Fig. 5a
and b. FTIR spectrum of neat TPU exhibits sharp peaks at 3331, 1732
and 1597 cm™!, corresponding to N-H groups, free and hydrogen
bonded C=O groups in urethane linkage (-HN-COO-), respectively
[42]. The variations in N-H (from 3331 to 3325 cm 1) and C=0 (from
1732 to 1728 cm ™) peaks in the spectrum of TPU/(G-CNT) are attrib-
uted to the formation of hydrogen bonding interactions between the
G-CNT hybrid and TPU matrices. Meanwhile, the intensity of absorption
peak of free C=0 groups (~1728 cm™!) distinctly decreases, and the
intensity of absorption peak of hydrogen bonded C=—O groups
(~1594cm™) distinctly increases. These results indicate that abundant
hydrogen bonding interactions exist between both the N-H and C=0
groups of TPU matrices and oxygen functional groups of G-CNT hybrid.
Ex-situ FTIR spectra were also conducted to monitor the molecular-level
interactions of TPU/(G-CNT) nanocomposites under different tensile
strains. As shown in Fig. 5c and d, the slight red shifting of the peaks
ascribing to N-H and C=O0 groups indicates the breakage of hydrogen
bonding upon stretching. Therefore, it can be concluded that the inter-
facial hydrogen bonding provides efficient energy dissipation pathway
for remarkable toughness reinforcement.

Hysteresis behaviors of TPU/(G-CNT) nanocomposites during
loading/unloading cycles were conducted to further understand the
energy dissipations during tensile deformation. During stretching/re-
covery process, an obvious hysteresis loop is observed for TPU/(G-CNT)
nanocomposites, and the areas of hysteresis loops (dissipated toughness)
in loading/unloading curves reflect the energy dissipation ability.
Comparison of stress-strain profiles and energy dissipations among TPU,
TPU/CNT, TPU/G/CNT and TPU/(G-CNT) at the same strain (300%)
were performed and displayed in Fig. 6a and b. The TPU/CNT, TPU/G/
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CNT and TPU/(G-CNT) show relatively large hysteresis loops, while neat
TPU displays unremarkable hysteresis loop. Consistently, the dissipated
toughness of TPU/CNT (60.9 MJ m*3), TPU/G/CNT (77.3MJ m’g) and
TPU/G-CNT (98.6 MJ m~3) are much higher than that of neat TPU
(33.0MJm™3) (Fig. 6b). This result indicates that the TPU/(G-CNT)
nanocomposites possess most effective energy dissipations during ten-
sile deformation, where covalent bonding and hydrogen bonding in-
teractions played pivotal roles. Fig. 6c displays loading/unloading
profiles of TPU/(G-CNT) nanocomposites at various strains. Generally,
the dissipated toughness increases with increased strain. The TPU/(G-
CNT) nanocomposites exhibit a dissipated toughness of 3.3 MJm > at
a strain of 50%, which is only 35.2% of the total toughness (Fig. 6d). In
contrast, when the strain increases to 400%, the dissipated toughness of
TPU/(G-CNT) reaches to 146.2 MJ m > (Fig. 6d), which is 77.9% of the
total toughness. These results clearly indicate the formation of multiple
interaction networks among the TPU/G-CNT nanocomposites. When the
external loading is applied on the TPU/(G-CNT) nanocomposites,
hydrogen bonding interaction first cracks to effectively dissipate energy,
followed by fracture of covalent bonding interaction. Hence, the intro-
duction of extra covalent bonding interaction among the G-CNT hybrid
dramatically improves energy dissipations, thus enhancing the tough-
ness of nanocomposites.

The proposed fracture mechanism accounting for remarkably
toughening effects of G-CNT hybrid for TPU/(G-CNT) nanocomposites is
proposed in Fig. 6e. Unique network structure with multiple interactions
of both the covalent bonding and r-x interaction exists among the G-CNT
hybrid, while coiled TPU chains penetrate into 3D G-CNT hybrid
network due to hydrogen bonding. The G-CNT hybrid with multiple
interactions endows as-fabricated TPU nanocomposites with hierarchi-
cal interfacial structures under stress. When the loading is applied (Stage
I), most of energy is first transferred by forcing alignments of TPU chains
along the loading direction, followed by further dissipation of large
amounts of energy due to destruction of hydrogen bonding between TPU

chains and G-CNT hybrid. When the loading further increases (Stage II),
more energy is dissipated due to fracture of unique hybrid network with
multiple interactions in sequences of n-n interaction and covalent
bonding between the carboxyl-CNT and G. The hierarchical interfaces
with the synergistic interactions (hydrogen bonding, n-n interaction and
covalent bonding) endow the TPU/(G-CNT) nanocomposites with sub-
stantial improvements in both mechanical strength and toughness.

Considering that the unique interfacial interactions among the TPU/
(G-CNT) nanocomposites including multiple non-covalent interactions,
we further carried out the loading/unloading tests at a strain of 400% to
evaluate the self-recoverability of TPU/(G-CNT) nanocomposites
without external stimuli (Fig. 7a and b). In details, successive loading/
unloading tests with different rest time were conducted on TPU/(G-
CNT) nanocomposites. The TPU/(G-CNT) nanocomposites show excel-
lent self-recovery properties, and the recovery rates of tensile strength
and dissipated energy of TPU/(G-CNT) increase with the increased rest
time. When the second test was conducted immediately, the tensile
strength recovered to 63% of its original value, and the dissipated en-
ergy recovered to 53% of its original value. When the second test was
conducted after 4 h, the recovery ratios of tensile strength and dissipated
energy were 87% and 82%, respectively. The internal network damage
was better recovered with prolonging the rest time before reloading.
This result ascribes to the reversible hydrogen-bonding interaction be-
tween the TPU and G-CNT hybrid. The excellent self-recoverability of
TPU/(G-CNT) also indicates the favorable fatigue resistance of TPU/(G-
CNT) nanocomposites at the same conditions.

Thermal stabilities of neat TPU and its nanocomposites with various
nanofillers are shown in Fig. S7 and summarized in Table S2. The onset
decomposition temperature (Tq(10%), temperature with a 10 wt% weight
loss) of neat TPU is 330.4 °C due to the depolymerization of urethane
bonding of TPU [43,44]. The maximum degradation rates for two main
decomposition stages occur at 386 °C and 425 °C respectively (Fig. S7b),
corresponding to the thermal degradation of soft segments within TPU
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[44]. Further degradation at higher temperatures involves the de-
compositions of urea and isocyanate derivatives [43,44]. The decom-
position temperature (Tgc50%), temperature with a 50 wt% weight loss)
of TPU/(G-CNT) nanocomposites exhibits an increase of 18.4°C
compared with that of neat TPU, due to excellent thermal stability of
G-CNT hybrid and its strong hindrances on TPU chain movements.
Further, an improvement in the Tggpy) of TPU/(G-CNT) nano-
composites is observed compared to that of TPU/CNT, TPU/G and
TPU/G/CNT nanocomposites.

4. Conclusions

Unique hybrid carbon nanofillers consisting of 1D CNT and 2D G
with multiple interfacial interactions including n-n interaction and co-
valent bonding were rationally designed and prepared. Due to multiple
interfacial interactions within the G-CNT hybrid as well as their uniform
dispersion and strong interfacial interaction within TPU matrices, the as-
obtained TPU/(G-CNT) nanocomposite with 1 wt% nanofiller loading
presented outstanding mechanical performance with much improved
tensile strength (69.5 MPa) and toughness (246.2 MJ m’3), increased by
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92% and 186% compared with that of neat TPU. The controllable
preparation of G-CNT hybrid with multiple interactions thus provides a
simple and efficient approach for developing strong and ductile polymer
nanocomposites for various structural and functional applications.
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