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Abstract Poly(ethylene oxide) (PEO)/graphene oxide (GO) nanocomposites with
GO contents of 1, 3, 5 and 7 wt% were prepared by solution mixing followed by
film casting. Field-emission scanning electron microscopy observations showed that
the GO nanosheets are dispersed uniformly in the PEO matrix. Fourier transform
infrared (FTIR) and X-ray photoelectron spectroscopy (XPS) analysis of the
nanocomposites revealed that there are hydrogen-bonded interactions between
surface carboxylic acid on the GO sheets and ether group of the PEO. Differential
scanning calorimetry (DSC), tensile testing, and dynamic mechanical analysis
(DMA) showed that, with increasing GO content in the nanocomposites, the melting
temperature and degree of crystallinity decreased while glass transition temperature,
tensile modulus, strength and elongation-at-break concurrently increased. DMA
results also demonstrated the presence of a rubbery plateau above the melting
temperature of the PEO/GO nanocomposites, and the moduli at the plateau region
increased with increasing GO content in the nanocomposites, implying that the
PEO/GO nanocomposites formed a physically crosslinked structure. PEO/GO
nanocomposites with GO contents higher than 5 wt% exhibited excellent thermally
and infrared-triggered shape memory behavior.
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Introduction

Recently, graphene oxide (GO) has emerged as a new promising nanofiller for
polymers due to its unique structural, mechanical, thermal, and electro-optical
properties [1-3]. The GO can be readily exfoliated into single-layered or few-layered
sheets in aqueous or organic solvents. Functional groups that exist on GO surfaces
can form strong interactions with host polymers. A variety of polymer/GO
nanocomposites have been investigated over the past few years based on various
polymer matrices such as polyurethane [4, 5], poly(e-caprolactone) [6], ethylene
vinyl acetate [7], Nafion [8], and some water soluble polymers including chitosan [9,
10], poly(vinyl alcohol) [11-14], poly(allyl amine) [15], and poly(acrylamide) [16].

Poly(ethylene oxide) (PEO) is an important semicrystalline polymer that can be
used for biomedical and electrochemical applications [17-19]. The problem in these
applications is the poor mechanical properties of PEO above its melting temperature.
To improve the mechanical properties of PEO, nanocomposites with various
nanofillers such as clay [20-22], cellulose nanowhiskers [23, 24], carbon nanotubes
[25, 26] and silica nanoparticles [27] have been explored. Physically crosslinked
structure was realized in the PEO nanocomposites with nanoparticles having strong
interfacial interactions with matrix PEO, which provide thermal stabilization of
storage modulus above the melting point of the nanocomposite [23, 24].

It is well known that crosslinked polymers containing crystalline PEO exhibit
shape memory effects [28-30]. In the systems, crystalline domain of PEO serves as
a reversible switching phase and crosslink points serve as fixed points, which enable
the polymer to recover to its original shape after being deformed into a temporary
shape when it is heated above its crystalline melting temperature. Various
nanofillers can be incorporated into the shape memory polymers to enhance their
mechanical properties and trigger the shape recovery by infrared light [31, 32],
electric [33, 34] or magnetic field [35]. Such shape memory polymers have various
potential applications such as in actuators, robotics, microelectromechanical
systems, and biomedical devices.

The goal of the present work is to explore the reinforcing effects GO in PEO
nanocomposites. We observed that storage modulus of the PEO/GO nanocompos-
ites is stabilized above their melting temperature, which enabled the nanocomposite
to exhibit shape memory behavior. Detailed thermomechanical properties of the
PEO/GO nanocomposites are examined to support this.

Experimental

Materials

Poly(ethylene oxide) (PEO) (Mw = 600,000) was purchased from Aldrich.
Graphene oxide (GO) was synthesized according to Hummers’ method with some

modification [36, 37]. Graphite powder (200 mg) was dispersed in sulfuric acid
(9.2 mL) containing sodium nitrate (200 mg) and sonicated in an ice bath for
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10 min. Potassium permanganate (1.2 g) was slowly added to the graphite
suspension under sonication, taking care that the temperature of the suspension
did not exceed ~20 °C. The suspension was then removed from the ice bath and
heated at a temperature of 35—40 °C for 1 h. Deionized water was subsequently
added to the reaction vessel very carefully under stirring to prevent overheating
above 100 °C. The suspension was kept at 80-90 °C for an additional 20 min, and
hydrogen peroxide (3 %, 60 mL) was added to the suspension. The resulting brown
powder was collected by centrifugation and washed twice with hydrogen chloride
(1 M) and deionized water to remove unreacted species. The GO powder was
achieved after drying under vacuum at 60 °C for 24 h. The GO readily forms a
stable colloidal suspension in aqueous medium after suitable ultrasonic treatment.
Figure 1 shows the bright-field TEM images of the synthesized GOs. The TEM
samples are prepared by placing a drop of diluted dispersion onto holey carbon
grids. It can be seen that GO has a typical shape resembling the large crumpled thin
flake [36].

Blend preparation

The PEO/GO hybrids with GO content of 1, 3, 5 and 7 wt% were prepared by
mixing the PEO/water solution and GO aqueous dispersion by sonication at room
temperature in an ultrasonic bath (KIG 2000SG, Kyung Il Ultrasonic Ltd., Korea) at
an applied frequency of 40 kHz and power of 600 W. PEO was dissolved in water
over 2 days. GO was dispersed in water with the aid of sonication for 1 h, and the
desired amount of GO (water dispersion) was added gradually into aqueous PEO
solution with constant stirring. The resulting mixture was sonicated for 3 h, which
was performed intermittently with water circulation so that the bath temperature
does not exceed 30 °C. The resulting mixture was poured into a Teflon Petri dish
and was dried in a vacuum oven at room temperature for 10 days to remove the
water. Films with a thickness of about 100 um were ultimately obtained.

Characterization of PEO/GO hybrids

The phase morphology of the PEO/GO hybrid was observed by field-emission
scanning electron microscopy (FE-SEM, JEOL JSM-630F) at an accelerating
voltage of 15 kV. All of the samples were fractured after immersion in liquid

Fig. 1 TEM image of the
synthesized GO

@ Springer



1940 Polym. Bull. (2015) 72:1937-1948

nitrogen for about 10 min. The fracture surface was then coated with a thin layer of
gold.

FTIR analysis of the PEO/GO nanocomposite samples was conducted using an
attenuated total reflectance on a Varian 800 Infrared Fourier Transform Spec-
trometer (Varian, Inc.).

X-ray photoelectron spectroscopy (XPS) spectra of neat PEO, neat GO and PEO/
GO nanocomposites were recorded using an X-ray photoelectron spectrometer (K-
Alpha, Thermo Fisher Scientific, Inc.) with aluminum (mono) Ka X-ray source
(1486.6 eV) operated at a 15 kV voltage and 10 mA current. A high-resolution
survey was performed for all samples at spectral regions related to carbon and
silicon atoms.

Dynamic mechanical tests were performed using a dynamic mechanical analyzer
(TA Instrument 2980). Samples were subjected to a cyclic tensile strain with an
amplitude of 0.2 % at a frequency of 1 Hz. The temperature was increased at a
heating rate of 10 °C/min over the range of —100 to 100 °C.

Tensile properties were measured using universal testing machine (Unites Co,
STM 10 E) at 25 °C and a crosshead speed of 50 mm/min according to ASTM D
638.

The melting temperature (7,,), heat of fusion (AH,) and non-isothermal
crystallization temperature (7,) of neat PEO and PEO/GO hybrids were determined
using a differential scanning calorimeter (TA Instruments DSC 2010). Samples
(10 mg) were dried completely in a vacuum oven and then used for analysis. They
were first heated from 30 to 100 °C at a rate of 10 °C min~' under a nitrogen
atmosphere and were then held for 10 min at this temperature to remove prior
thermal history. The samples were then cooled to —30 °C at a rate of 10 °C min™ ',
and the crystallization peak temperature (7)) was determined from the thermogram.
Subsequently, the sample was reheated to 100 °C at a rate of 10 °C min~' (second
scan) to determine T, and AH,, of the samples.

Shape memory behavior of the samples was investigated using dog-bone-shaped
specimens with a thickness of about 100 um (as shown in Fig. 8). The samples were
deformed to 100 % of gage length at room temperature, and all the samples were
found to be fixed well at the deformed shape. Then all the temporarily deformed
samples were heated at 70 °C to analyze the shape recovery. The shape recovery
was also tested upon irradiation of the samples with infrared light (intensity:
70 mW/cm?). An infrared (IR) lamp with a red filter (Philips, Model Infraphil
PAR38E, Germany) was used as the light source, which was positioned at 30 cm
from the sample.

Results and discussion
Field-emission SEM micrograph of the cross-section of the PEO/GO composite is
shown in Fig. 2. The micrographs demonstrate that GO nanosheets of 50-120 nm

thickness were uniformly dispersed in the PEO matrix with a planar orientation
when the GO content was as high as 7 wt%. The uniform and nanoscaled dispersion
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Fig. 2 FE-SEM micrographs of the cryogenically fracture surface of PEO/GO nanocomposites. a 97/3,
b 95/5, and ¢ 93/7

of GO implied that there were sufficient interactions between PEO matrix and GO
sheets.

Interactions between the ether groups of PEO chains (C-O-C) and polar
functional groups on the GO nanosheets such as COOH and —OH groups were
examined by FTIR analysis, and the FTIR spectra are presented in Fig. 3. The IR
peak of the neat PEO showed the C—O—C asymmetric stretch at 1106 cm ™', and this
peak shifted to a higher wavenumber for the PEO/GO nanocomposites with
increased GO content. Similar results were observed in previously studied PEO/
hydroxypropyl methylcellulose blend [38]. These results support that hydrogen
bonds formed between the PEO and GO, which induced nanoscaled dispersion of
GO in PEO matrix.

The XPS analysis was carried out to get further evidence for the formation of
hydrogen bonds between GO and PEO. The XPS spectra for neat PEO and PEO/GO
nanocomposites are shown in Fig. 4. The binding energy was reduced for the ether
oxygen atom (Oq) in PEO from 531.18 for neat PEO to 530.6 eV in the PEO/GO
(93/7) nanocomposite. This reduction was attributed to the formation of hydrogen
bonds between polar functional groups present on the GO surface and the ether
oxygens of the PEO chain.

Figure 5a, b shows the variation of storage modulus and tan 6 with temperature
for neat PEO and PEO/GO nanocomposites, respectively, and the results are
summarized in Table 1. As shown in Fig. 5a, the storage moduli for the
nanocomposites are higher than those of the neat PEO over the whole temperature
range examined, and the modulus increased with increasing GO content, implying
that the GO nanoparticles acted as reinforcing fillers. As shown in Fig. 5a, the
storage modulus for neat PEO continues to decrease with temperature, and the
material flows like a viscous liquid when the temperature is greater than the 7, of
the crystalline PEO domains, whereas the PEO/GO nanocomposites showed a
persistent rubbery plateau above the T;,. And, the storage modulus values in the
rubbery region increase with increasing GO content in the nanocomposites, as
shown in Fig. 5a and Table 1. The presence of a persistent rubbery plateau in the
PEO/GO nanocomposites indicates that the nanocomposites form a crosslinked
structure. The formation of a crosslinked structure due to close interactions between
polymer matrix and inorganic nanoparticles was also observed in other polymer/
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Fig. 3 FT-IR spectra of neat PEO, neat GO and PEO/GO nanocomposites
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Table 1 Dynamic mechanical
properties of PEO/GO
nanocomposites

Samples T, (°C) E' at 30 °C (MPa) E' at 80 °C (MPa)

Neat PEO —47.9 538 0
PEO/GO
99/1 —46.5 543 1.15
97/3 —44.6 679 2.00
95/5 —44.2 914 2.20
93/7 —43.1 978 2.95
Fig. 6 Tensile stress—strain 10

curves of neat PEO and PEO/
GO nanocomposites

Stress(MPa)

Neat PEO
PEO/GO(99/1)
PEO/GO(97/3)
«ee PEO/GO(95/5)
—— —— ——  PEOI/GO(93/7)

0 100 200 300 400
Strain(%)

inorganic nanocomposites such as poly(vinyl alcohol)/GO nanocomposites [12],
PEO/cellulose nanocomposite [23, 24], and poly(lactide)/hydroxyapatite nanocom-
posite [39].

It is evident from Fig. 5b that the position of the peak maximum in tan d, which
is related to the glass transition temperature (7,), of the PEO/GO nanocomposites
shifted toward a higher value compared to that of neat PEO. This indicates that the
molecular mobility of amorphous PEO chains is constrained in the PEO/GO
nanocomposites due to strong hydrogen-bonding interactions between PEO and GO.

Stress—strain curves of neat PEO and PEO/GO nanocomposites are shown in
Fig. 6, and the results are summarized in Table 2. Neat PEO and PEO/GO
nanocomposites exhibited similar stress—strain behaviors, and the nanocomposites
showed higher tensile modulus and yield strength compared to neat PEO. It is
interesting to note that both tensile strength and elongation-at-break increased
concurrently in the nanocomposites, which has also been observed in other polymer/
GO nanocomposites. This behavior can be explained in terms of slippage of
polymer chains by finely dispersed GO nanosheets inducing stress concentrations
under tensile stress. This process should enable the polymer molecules to release the
tensile stress during extension, resulting in enhanced ductility [9, 16, 20].

Thermal characterization of the PEO/GO nanocomposites was carried out using
DSC measurements, and the thermograms are shown in Fig. 7. The non-isothermal
crystallization temperature (7,), melting temperature (7},), heat of fusion (AH,,),
and associated degree of crystallinity (y.) obtained from the DSC thermograms are
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Table 2 Tensile properties of PEO/GO nanocomposites

Samples E (MPa) &y (%) oy (MPa) &y (%) oy, (MPa)
Neat PEO 165 £ 5 3.8 £ 0.1 51+02 243 £ 2 40+02
PEO/GO
99/1 188 £ 6 39 £0.1 7.0 £ 0.2 270 £ 2 54+£02
97/3 212+ 7 42 +0.1 75 +£02 343 £3 72 +03
95/5 226 + 7 42 +0.1 85+03 364 £3 7.7 +£0.3
93/7 296 + 8 5.8+ 0.2 89+03 390 £ 3 85+£03
Fig. 7 DSC thermograms of Cooling
neat PEO anq PEO/GO —‘/‘\ PEOIGO
nanocomposites 100/0
7N\
/ 0\
_________ /:/~~\‘.\_ 99/1_\\

Heat Flow Exo Up

20 40 60 80 100
Temperature (°C)

listed in Table 3. The degree of crystallinity of the nanocomposites was calculated
using the heat of fusion per gram of PEO determined from DSC measurements and
the heat of fusion corresponding to 100 % crystalline PEO (205 J/g) [23, 40].

As illustrated in the table, T, T, and y. of the PEO/GO nanocomposites were
decreased as the GO content increased. This trend is associated with the crosslinked
nature of the nanocomposites, as discussed above. With increasing GO content, i.e.,
with increasing crosslink density, the molecular mobility of polymer chains
decreased, restricting the crystallization of the polymer.

We observed thermally triggered shape memory behavior in the PEO/GO
nanocomposites, as demonstrated in Fig. 8. When stretched to 100 % at room
temperature, all nanocomposite samples underwent plastic deformation accompa-
nied with yielding and their elongated shape was fixed immediately after the tensile
load was removed. Upon heating the deformed samples at 70 °C (which is above the
T, of the samples), the PEO/GO nanocomposite samples shrank and recovered to
their original shape within 30 s. Such thermally triggered shape memory effects can
be seen in polyester—polyethylene glycol multiblock copolymers [28, 29] and
chemically crosslinked polymer containing PEO [30]. These shape memory
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Table 3 Thermal characteristics of PEO/GO nanocomposites

Samples T. (°C) Ty (°C) AH,, (J/g) 715 (%)
Neat PEO 42.8 65.3 132.6 64.7
PEO/GO
99/1 44.8 64.2 124.8 61.5
97/3 45.5 62.9 117.5 59.1
95/5 46.2 61.9 105.8 54.3
93/7 46.9 61.2 99.4 52.1

= 100 x (AH./AH},)/w, where AHy is the heat of melting for 100 % crystalline PEO (205 J/g) [23
40] and w is the weight fraction of PEO in the nanocomposites

Original ~ Deformed Neat PEO/GO  PEO/GO  PEO/GO  PEO/GO
shape shape PEO (99/1) 97/3) (95/5) 93/7)

i T T T
i Heating at 70°C L £ L
— e U 4
Irradiation of L
IR light
(70mW/cm?)

Fig. 8 Shape memory behavior of the samples

==

polymers consist of two separate phases, namely, stationary phase and reversible
phase, where the crosslinked (chemically or physically) points stabilize the
permanent shape and a second phase having a melting transition serves as a switch.
In the PEO/GO nanocomposites, shape fixing occurred from the orientation of PEO
chains toward the tensile deformation and formation of oriented crystals. And, the
shape recovery could occur upon heating the temporary sample above the T, of
PEO, during which the PEO crystals are melted and the polymer chains obtain the
activity to recover to its original shape with a release of the stored energy.

The final shape recovery ratio (R) of the samples was calculated by the following
formula:

R = [(La—Ly)/(La—Lo)] x 100 (%),

where L,, Ly, and L¢ are the original gage length, the deformed length, and the final
recovery length of sample, respectively. The degree of recovery increased with
increasing GO content in the nanocomposites, and the R value of the nanocomposite
with a GO content of 1, 3. 5, and 7 wt% were 25, 89, 95, and 99 %, respectively.
Improved shape recovery of the nanocomposites with higher GO content is ascribed
to the formation of effective crosslinked points at higher GO nanoparticle content in
the nanocomposites [12].
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Figure 8 also demonstrated that the deformed PEO/GO nanocomposites recov-
ered to their original shape when they are exposed to near IR irradiation. The
nanocomposite sample with GO content of 5 wt% recovered to its original length
with R value of 95 % within 1 min under the IR irradiation. This arises from
excellent photothermal conversion efficiency and IR absorption ability of GO
nanoparticles embedded in PEO matrix, which can directly transform photoenergy
into thermal energy [3, 4, 32].

And, we observed that high shape retention and shape recovery can be
maintained under repeated testing (confirmed up to five cycles). This indicates that
the PEO/GO nanocomposites can retain stable shape memory effects under repeated
use, which is of importance for practical applications.

Conclusions

PEO/GO nanocomposites, in which GO nanosheets are uniformly dispersed in PEO
matrix, were prepared by a solvent-casting method. The FTIR and XPS results
showed that hydrogen-bonding interactions between the PEO and the surface
functional groups of GO exist in the PEO/GO nanocomposites. DSC, DMA, and
tensile testing revealed that GO nanosheets act as physically crosslinked points and
reinforcing fillers. PEO/GO nanocomposites with GO contents higher than 5 wt%
exhibit excellent thermally and infrared-triggered shape memory behavior. Such
novel shape memory PEO/GO nanocomposites may have many potential
biomedical applications such as soft actuator, sensor, and micromechanical systems.
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