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• Non-covalently functionalized rGO PVA
nanocomposites were prepared by solu-
tion mixing.

• Uniformdispersion of rGOwas achieved
with the assistance of poly(sodium 4-
styrenesulfonate).

• Strong rGO-PVA interactions and effec-
tive load transfer from rGO to PVA sig-
nificantly improved the mechanical
properties.
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In this work, non-covalently functionalized reduced graphene oxide (rGO) reinforced poly(vinyl alcohol) (PVA)
nanocomposites were prepared by solution mixing. The agglomeration of graphene sheets was prevented by
using surface modifying agent poly(sodium 4-styrenesulfonate) (PSS). The improved mechanical properties, in-
cluding the Young's modulus and tensile strength of the PVA/rGO nanocomposites compared to neat PVA were
attributed to the strong interactions between PVA and rGO such as π–π, hydrogen bonding, and CH–π. A 55%
maximum increase in the modulus was obtained by adding only 0.1 wt% rGO, and an increase of 48% in tensile
strength was achieved by adding 0.3 wt% rGO. In addition, the thermal properties of the nanocomposites were
also improved, which was attributed to the restriction of graphene oxide (GO)/rGO sheets on the chain mobility
of polymers on the GO/rGO sheets surface.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Graphene has attracted a lot of attention since the direct observation
and characterization of a mechanically exfoliated graphene monolayer
by Novoselov et al. in 2004 [1]. This two-dimensional (2D) sheet com-
posed of sp2-hybridized carbon atoms and arrayed in a honeycomb
@zzu.edu.cn (C. Liu),
pattern is the world's thinnest, strongest, and stiffest material. Because
of its superior properties of electronic,mechanical, optical and transpar-
ent nature, graphene has already revealed a great number of potential
applications with possible uses in touch screen [2–4], capacitors [5,6],
fuel cells [7–9], batteries [10–12], advanced adsorbents [13a,b], sensors
[13c,14a], functional metacomposites [14b,c], and flexible electronics
[15,16]. Several methods have been reported for preparing graphene
sheets. Although micromechanical cleavage can produce high-quality
and defect-free graphene, it cannot be used for large quantity of
graphene from graphite. In order to obtain effectively large quantities
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Fig. 1. Photographs of water dispersions of (a) GO, (b) rGO, and (c) rGO with PSS. (For
interpretation of the references to color in this figure, the reader is referred to the web
version of this article.)
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of graphene, an approach for the preparation of nanoplatelets from
graphite by a chemical method is more scalable and popular.

Recently, to use graphene as a nano-filler in polymer matrix has be-
come a rapidly expanding field [17–21]. The properties of graphene
nanocomposites will depend on the dispersion ability of graphene in
the polymermatrix. For example, Liang et al., for the first time, reported
the simple and effective processingmethod for the fabrication of poly(-
vinyl alcohol) (PVA)/graphene oxide (GO) nanocomposites and re-
vealed a significant enhancement of mechanical properties of PVA/GO
nanocomposites at fairly low concentrations of GO [22]. GO still pos-
sesses similar layered structure of graphene, while the basal planes of
GO sheets are heavily decorated with oxygen-containing groups,
which cause these oxidized layers to become hydrophilic and enable
the uniform dispersion of graphene sheets in water with moderately
ultrasonicating. Meanwhile, the extended aromatic system of the
graphene is disrupted due to the transformation of carbon atoms from
sp2 to sp3 hybridization during the oxidation, which dramatically alters
the structure of the carbon plane and then affects the properties of its
nanocomposites.

The original aromatic graphene network could be partially restored
by chemical deoxygenation. It is possible to access the intrinsic structure
via graphite oxide exfoliation and a subsequent solution-based chemical
reduction [23–27]. It is expected that the properties of PVA/reduced GO
(rGO) nanocomposites become superior after the recovery of a
Fig. 2. The C1s XPS spectra
conjugated structure. However, the reduction reaction along with the
removal of O-containing functional groups on GO surface will reduce
the hydrophilicity of sheets, which eventually leads to their irreversible
agglomeration or even restacking to graphite via strong π–π stacking
and van der Waals interactions. Thus, some methods have been used
for the prevention from aggregation by functionalizing graphene sheet
surfaces through covalent [28,29] or noncovalent approaches [21,23,
30]. Although covalent and noncovalent approaches would ensure the
good dispersion of the graphene sheets in aqueous media, the
noncovalent functionalization is a better choice to keep the intrinsic
structure of graphene and easier to carry out. Some chemical agents
like sulfonated polyaniline [21], poly(sodium 4-styrenesulfonate)
(PSS) [23], tryptophan [30], 1-(2-pyridylazo)-2-naphthol (PAN) [31],
or aromatic polymers have been used for noncovalent surfacemodifica-
tion of graphene. Among them, the affinities of PSS toward the basal
planes of graphene, as well as toward solvent or matrix are excellent.
In addition, graphene based composites combined with PSS could be
used for electronic components [32] ormedical applications [33]. There-
fore, in this study, we report the fabrication of the polymer composite
system featuring PVA as matrix, GO/rGO as fillers and PSS as
noncovalent agent. The properties of the PVA/GO nanocomposite and
PVA/rGO nanocomposite were studied and the molecular interactions
in nanocomposite were discussed.

2. Experimental section

2.1. Materials

Graphite, PSS (Mw = 1,000,000), and PVA (Mw = 89,000–98,000,
99+% hydrolyzed) were purchased from Sigma Aldrich. Chemical
agents used in this study included concentrated sulfuric acid (H2SO4),
potassium permanganate (KMnO4), hydrochloric acid (HCl), 30% hy-
drogen peroxide (H2O2), and hydrazine hydrate (85%), which were
also purchased from Sigma Aldrich. The materials were used directly
without any further purification.

2.2. Reduction of exfoliated graphite oxide

In the oxidation process, GO was prepared from flake graphite using
the modified Hummers method [34–38]. In the reduction process,
100 mg GO and 200 mL deionized (DI) water were added into a
250 mL round-bottom flask to form an inhomogeneous dispersion.
The solution with the inhomogeneously dispersed GO was placed in
an ultrasonic bath. After 1 h, the suspension turned yellow and no ag-
gregation at the bottom of the flask was observed, indicating the uni-
form dispersion of GO. The exfoliated graphite oxide was termed as
GO assuming that the nanoplatelets no longer existed as aggregated or
stacked forms. Next, 1.0 g PSS (10:1, PSS:GO) was added to the above
solution. Vigorous stirring was applied for 1 h until the PSS was fully
of (a) GO and (b) rGO.



Table 1
Assignment of various components of C1s in GO and rGO and the ratio of C to other ele-
ments in GO and rGO. The integrated intensity values (%) are displayed.

Sample Functional groups

O_C\\O C_O C\\O C\\C_C C\\S C\\N C/O C/S C/N

GO 289.5 287.6 286.3 284.5 – – 2.2 – –
Peak area
(%)

15.18 26.62 21.32 36.88 – –

rGO 289.1 287.5 286.8 284.5 285.0 286.2 7.7 32.8 41.9
Peak area
(%)

10.30 4.69 5.25 67.04 7.13 5.58
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dissolved in the solution. Hydrazine hydrate was blended with the GO/
PSS solution, and then heated in an oil bath at 95 °C for 24 h. The black
rGO powders were washed with DI water to remove any excess hydra-
zine monohydrate and excess PSS via filtration through a
poly(vinylidene fluoride) (PVDF) membrane (0.4 μm pore size, Fisher
Scientific) and dried in a desiccator with a detachable stopcock valve
for 24 h. The rGO film was separated by peeling it from the membrane.

2.3. Preparation of PVA/GO and PVA/rGO films

PVAwas added in DI water at 80 °C and stirred constantly for 2 h till
completely dissolved. A predetermined weight of GO or rGO was dis-
solved in DI water in an ultrasonic bath for 2 h. The predetermined con-
tent of GO or rGO in the composite films was 0.1, 0.3, 0.5 and 1 wt%,
respectively. Themixtureswere shaken for 10min, degassed in anultra-
sonic bath for 20min, cast into Petri dishes, and then dried at 50 °C in an
oven until no change could be perceived in their weights. Then the PVA/
GO and PVA/rGO nanocomposites were produced. Pure PVA films were
prepared as a reference following the sameprocedures as the aforemen-
tioned ones for preparing the nanocomposites films.
Fig. 3. The XPS survey scan

Fig. 4. SEM images of the fracture surfaces of (a) neat PVA, (b) PVA/0.5% GO, and (c) PVA/0.5% rG
the web version of this article.)
2.4. Characterization

X-ray photoelectron spectroscopy (XPS) was performed using a
Perkin Elmer PHI5400 with a 300 W monochromatic Mg Kα X-ray
source. The RBD AugerScan software was used to analyze the data.
The Gauss equationwas used to fit the peaks of each component profile.
Micro Raman spectroscopy was carried out using a Thermo Scientific
DXRRamanmicroscopewith a DXR532 nm lasermounted on it. Fourier
transform infrared (FT-IR) spectra of the nanocomposites in ATR mode
were obtained using a Bruker Tensor 27 FT-IR. A dynamic mechanical
analyzer (DMA Q800, TA Instruments) was used to characterize the
stress-strain behavior of the samples. The samples were cut into rectan-
gular strips 30 mm × 3 mm in dimension for a film tension test using
DMA in the strain rate mode. Five samples were tested for each group,
and the tensile modulus and tensile strength were recorded.

During the tension test, the samples were preloaded at 0.0001N, the
force ramp ratewas 0.2N/min, and the temperaturewas 30 °C. Thermo-
gravimetric analysis tests were carried out in TGA Q50 (TA, USA). Sam-
ples were weighed at 9.5–10.0 mg and placed in platinum pans. The
tests were equilibrated at 50 °C and heated to 800 °C at a heating rate
of 10 °C/min under N2 atmosphere (20 mL/min).
3. Results and discussion

3.1. Dispersion of rGO with PSS

Fig. 1 shows the comparative stability of the GO suspension. Suspen-
sion difference is visible. The GO aqueous suspension is very stable and
shows a brown color (Fig. 1(a)). The rGO without any stabilizer almost
completely precipitated (Fig. 1b) due to the rapid and irreversible ag-
gregation of the rGO sheets. However, as shown in Fig. 1c, the rGO
of (a) GO, and (b) rGO.

O films. (For interpretation of the references to color in thisfigure, the reader is referred to



Fig. 5. Raman spectra of (a) graphite, GO, and rGO; (b) PVA/GO composites; and (c) PVA/
rGO composites.
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with PSS suspension remained stable and black, almost without precip-
itation after storing for one week.

3.2. Structure and morphology

XPS can be used to identify the chemical elements and to assess their
contents [39,40]. The C1s XPS spectra for GO and rGO are used to ana-
lyze the degree of carbon oxidation. Three different functional groups,
i.e., C\\O, C_O, and COOH are observed (Fig. 2), and their peak posi-
tions are listed in Table 1. The intrinsic carbon peak corresponds to
the non oxygenated ring C (C_C\\C at 284.5 eV). The peaks of the ox-
ygen functionalities of GO are similar to those of the oxygen functional-
ities of rGO, and correspond to the C\\O bonds (C\\O at ~286 eV),
carbonyl C (C_O at ~287 eV), and carboxylate carbon (O_C\\O at
~289 eV) [23,39,40].

Besides the intrinsic carbon peak, the C1s XPS spectrum of the GO
sample exhibits two other dominant peaks due to a high level of oxygen
(Fig. 2a). A broad shoulder in the range from286 to 292 eV contains sev-
eral componentswith the corresponding peak positions and areas listed
in Table 1. The content ratio of C to O in theGO sampleswas obtained by
calculating the area ratio of C to O. In contrast, the shoulder peak in the
rGO sample, which was associated with the oxygen functionalities
C\\O, C_O, and COOH groups, decreased significantly. The peak associ-
ated with C_C\\C became predominant. The content ratio of C to O in-
creased from 2.2 in GO to 7.7 in rGO (Table 1), which indicated that
most of the oxygen functionalities in the GO had been removed. In addi-
tion, a very low content of sulfur and nitrogenwas found in the rGO due
to the PSS coating on the carbon sheets and the residual hydrazones
(Fig. 2b) [40]. The content ratios of C to S and C to N in rGO were 32.8
and 41.9 (Table 1), respectively. Since S and N might have been intro-
duced during the reduction process, XPS was also carried out. The
existing two elements can be assigned to the C\\S (285.5 eV) and
C\\N (286.2 eV) species whose peak positions, peak area and elements
ratio are listed in Table 1. Fig. 3 shows the survey XPS spectra of the GO
and rGO samples containing four elements: C 1s, O 1s, S 2p, andN1s. For
GO, the intensity of the O peak is higher than that of the C peak, indicat-
ing that GO is highly oxidized. As a comparison, the ratio of C to O inten-
sity on rGO sheets became higher and new peaks appeared at ~180 eV
(S 2p) and ~400 eV (N 1s), which evidenced a reduction reaction [28,
41]. And only very small amount of PSS was retained on the rGO sheet
surface corresponding to the disappearance of S peak after rGO sheets
were rinsed repeatedly.

Fig. 4 shows the SEM images of the fractured surfaces of neat PVA,
PVA/GO filmwith 0.5% GO, and PVA/rGO filmwith 0.5% rGO, respective-
ly. The surface morphologies of the fractured surfaces of the samples
were significantly affected by the nanofiller sheets. It can be seen from
Fig. 4b and c that the individual GO and rGO sheets were fully exfoliated
and well dispersed in the PVA matrix (as indicated by red arrows). The
GO sheets were coated with PVA, indicating the existing interfacial in-
teractions between GO sheets and PVA chains [42–44]. The fractured
surface of PVA/rGO was smoother than that of the PVA/GO composites
due to the good miscibility between PVA and PSS. Compared with the
fracture surface of GO, the rGO sheets indicated by red arrows were
not very clear, which was attributed to the more CH–π interaction be-
tween the rGO sheets and PVA and easier encapsulation in the PVAma-
trix. No agglomeration was found on the rGO fracture surface.

Fig. 5a shows the Raman spectra of pristine graphite, GO, and rGO.
The spectra of graphite display the typical features: a prominent G
peak at 1583 cm−1, which is due to the sp2 C\\C bonds, and a weak
peak at 1351 cm−1 for the D band. The G peak is due to the doubly
degenerated zone center E2g vibration mode and the D peak is due to
structural defects in the graphite [45]. The D and G bands were also ob-
served at GO and rGO. After the chemical oxidation and reduction, the G
band was broadened and the D band became prominent and wide. The
positions of the D, G, and 2D bands were at 1351, 1587, and 2692 cm−1

for GO, respectively, and at 1343, 1571, and 2676 cm−1 for rGO,
respectively. The ratio of D- to G-band intensity (ID/IG), which indicates
the size of the in-plane sp2 domains, increased from 0.12 for graphite to
0.88 for GO and 1.02 for rGO due to the increasing number of defects or
the increasing number of small-sized aromatic domains during the oxi-
dation and reduction processes.

Raman spectroscopy was also carried out to investigate the interac-
tion between the matrix and graphene sheets. Compared to neat GO or
the rGO, the G band of the sheets in both composites shifted by about
14 cm−1 for the PVA/GO composites, and 9 cm−1 for the PVA/rGO



Fig. 6. FT-IR spectra of PVA and their composites: (a) PVA/GO and (b) PVA/rGO composites.

Fig. 7. TGA curves of graphite, GO, rGO, and the PVA nanocomposites.
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composites, whereas theD band only shifted slightly (Fig. 5b and c). The
GO or rGO sheets were covered by the chains of polymer matrix, which
affected the vibration movement of the C\\C bonds in the carbon plane
due to the hydrogen bonding between the\\OH or\\COOH groups of
graphene and the\\OH groups of the polymer matrix. The hydrogen
bonding in the PVA/GO composites was more than that in the PVA/
rGO composites because part of the O-containing functional groups on
rGO sheet surface was removed. For this reason, the peak shift of the
PVA/GO composites was more obvious than that of PVA/rGO. There
was a nearly identical structure in graphene—the benzene ring in PSS.
This similar structure induces a strong π–π stacking interaction, also
known as an aromatic interaction, which is stronger than other
noncovalent interactions [46]. At the same time, a characteristic peak
at 2910 cm−1 in both composites was attributed to the intrinsic νs
(CH) stretch band of the PVA [47]. The peak intensities in both compos-
ites were suppressed gradually with the addition of GO or rGO due to
the CH–π interactions.

Fig. 6 shows the FT-IR spectra. The characteristic peak of the hydrox-
yl band at around 3265 cm−1 shifted to a lowerwavenumber as the fill-
er loading increased. The band around 1050 to 1100 cm−1, which was
attributed to the\\C\\OH stretching, had a similar shift. In addition to
the shifts of these peaks, no new peaks observed indicated that the
PSS did not react with the PVA. The shift of the hydroxyl bond and
\\C\\OH stretching bond indicated the existence of hydrogen bonding
between hydroxyl bands in the PVA and the remaining oxygen-func-
tional groups in the GO/rGO composites [48,49]. The characteristic
peak of the hydroxyl band in the PVA/GO composites shifted to a
lower wavenumber compared to the PVA/rGO results due to the more
intensity of hydrogen bonding in the PVA/GO composites.

3.3. Thermal properties

Thermogravimetric analysis (TGA) was used to characterize the
thermal stability of graphite, GO, rGO, PVA, PVA/GO and PVA/rGO nano-
composites, as shown in Fig. 7. With more oxygenated functionalities,
GO has less thermal stability than graphite and rGO. As it can be seen,
pure graphite did not show anyweight loss until 700 °C. For GO, a slight
weight loss observedbelow100 °C corresponded to the loss ofmoisture,
and a significantweight losswas noted around 231 °Cwhichwas due to
the decomposition of O-containing functional groups on the GO surface.
As a comparison, a gradual weight loss from 200 to 350 °C for rGO is at-
tributed to the decomposition of residual O-containing function groups
on the rGO surface. The total weight loss of GO and rGO was 53% and
36% respectively. Although GO is decomposed at a lower temperature
than PVA, the temperature of the maximum degradation rate for the
PVA/GO nanocomposites is increased compared to that of neat PVA.
This indicates that the addition of GO can improve the thermal stability
of PVA, which is attributed to the restricted chain mobility of polymers
near the GO sheets surface [50–55]. However, for the PVA/rGO
nanocomposites, the decomposition of PVA/rGO composites is slightly
lower than that of neat PVA owing to the restoration of the conjugated
structure and thermal conductivity.

3.4. Mechanical properties

Fig. 8 shows that themechanical properties of the PVA/GO and PVA/
rGO composites are improved significantly with the addition of GO and
rGO. As shown in Fig. 8a, the modulus of the PVA/GO composites in-
creased with increasing the content of GO, from 1.74 GPa for neat PVA
to a maximum value of 2.17 GPa for the PVA/GO nanocomposites with
0.5 wt% GO—an increase of 25%. The tensile strength of the PVA/GO
nanocomposites had a similar trend to the modulus, which was in-
creased by 44% from neat PVA to a PVA/GO nanocomposites with
0.5 wt% GO. In contrast, the modulus of PVA/rGO nanocomposites was
increased sharply by 55% to 2.69 GPa with the addition of 0.1 wt%
rGO, and then decreased slightly with a further increase in rGO content
(Fig. 8b). However, the tensile strength increased by 48%, from65.7MPa
for neat PVA to 97.5MPa for the composites, with 0.3wt% rGO, and then
decreased to 84.8 GPa at 0.5 wt% rGO. This indicated that rGO sheets
could be uniformly dispersed in a polymer matrix in the presence of
PSS at low filler contents. Because of the uniform distribution in thema-
trix of rGO sheets, the strong interfacial interactions between rGO and
PVA, and effective load transfer from rGO to PVA led to a significant im-
provement in the mechanical properties. Due to partial restoration of
the intrinsic aromatic structure, rGO showed a prominently improved
rigidity effect on the nanocomposites. However, with increasing the
content of rGO, the distance between rGO sheets gets smaller and the
interaction between rGO sheets becomes stronger which make rGO



Fig. 8. Young's moduli and tensile strength of (a) PVA/GO and (b) PVA/rGO films.
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sheets tend to agglomerate even surrounding rGO sheets with PSS.
Thus, the mechanical properties of PVA/rGO nanocomposites with the
incorporation of 0.5 wt% rGO appeared to decrease. The mechanical
properties of PVA/rGO nanocomposites with addition of low content
could be improved significantly.

3.5. Interactions in the composites

The schematic diagram illustrated in Fig. 9 shows the π–π interac-
tions, hydrogen bonding, and CH–π interactions among the materials
[56–59]. PSS is amphiphilic molecules. On one hand, the affinity of the
hydrophobic aromatic benzene ring of PSS toward the hydrophobic
hexatomic rings of the rGO sheets could be maintained with a
noncovalent π–π interaction. On the other hand, the hydrophilic
\\COO\\ groups of PSS enabled the rGO sheets to remain stably
suspended in water and prevented them from restoring the π–π inter-
action that irreversibly restacked the rGO monolayer sheets to graphite
again. The dispersion of rGO sheets was improved by a noncovalentπ–π
interaction that did not disrupt the sp2 network of the rGO. When PVA
was added in the dispersion, hydrogen bonding was present between
the hydroxyl groups in PVA and the remaining oxygen functional
groups on the rGO sheets. Furthermore, the bone chains were attracted
to the basal planes, the hexatomic rings of rGO, hence the CH–π interac-
tion between the PVA molecular chains and rGO sheets could be attrib-
uted to the dispersion of the rGO sheets in the matrix.
Fig. 9. Schematic diagram of the interactions among th
4. Conclusions

The PVA nanocomposites filled by GO/rGO sheets were investigated.
Based on the noncovalently functionalizing method, rGO sheets can be
well-dispersed in the PVAmatrix. This method can avoid the agglomer-
ation of rGO during the PVA/GO reduction process. The interactions
among the molecules prevented the rGO sheets from restacking,
allowing them to be well-dispersed. The SEM images showed good dis-
persion of rGO sheets in the PVAmatrix. The XPS, Raman and FTIR study
evidenced a strong interfacial interaction between PSS and rGO. The
TGA study showed that GO can be the heat barrier in the PVA matrix
due to the high aspect ratio (l/d N 1000) and the restriction on the mo-
bility of polymers chain. Themechanical propertywas enhanced by 55%
in Young's modulus and 15% in tensile strength by the addition of only
0.1 wt% rGO. The strong interfacial interactions between rGO and PVA,
and effective load transfer from rGO to PVA led to a significant improve-
ment in mechanical properties.
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