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ntrol of graphene oxide
nanosheets for enhancing electrical and
mechanical properties of carbon nanotube–
polymer composites†

Jeonghwan Kim, Sang Woo Kim, Hongseok Yun * and Bumjoon J. Kim *

Graphene oxide (GO) has been explored for improving the dispersion stability of carbon nanotubes (CNTs).

In particular, the size and shape of GO sheets have a significant impact on determining their dispersion

efficiency and optimizing the properties of the CNT-based composites, but, to date, such effects have

never been systematically assessed. In this study, we evaluated the size effects of GOs on the dispersion

behavior of multi-walled CNTs (MWCNTs), and exploited them to develop conducting film and polymer–

CNT composites with excellent electrical and mechanical properties. Synthesis of a series of five

different GOs with varied sizes ranging from 170 to 2060 nm, but nearly the same surface properties,

allowed systematical investigation of size effects of GO sheets. The CNT-dispersing ability of the GOs

was improved significantly as the size of the sheets decreased. For example, the critical GO-to-MWCNT

ratio (WGO/WMWCNT) required to produce stable MWCNT dispersion was in proportion to the size of the

GO. Furthermore, the minimum value of the WGO/WMWCNT ratio required to fabricate a conductive GO–

MWCNT film underwent a dramatic decrease from 0.1 to 0.025 as the size of the GO sheets changed

from 2060 to 170 nm. Small-sized GOs facilitated the formation of an interconnected MWCNT network

more effectively than large-sized GOs. Further investigation of the size effects of the GO on the

mechanical properties of polymer–MWCNT composites was performed by measuring the Young's

modulus of the composites. A two-fold enhancement in the mechanical properties of the polymer–CNT

composites was achieved by controlling the size of GO. Our results provide important guidelines for the

design of carbonaceous-material-based composites with excellent electrical and mechanical properties.
Introduction

Carbon nanotube (CNT)–polymer nanocomposite materials
have shown great potential in various applications including
structural composite materials,1–4 energy storage devices,5–9 and
transparent electrodes.10–13 However, the potential of employing
CNT-based nanocomposites has been limited mainly by their
strong tendency to agglomerate in solvents or in polymer
matrices through strong van der Waals interaction, thereby
restricting the compatibility of the CNTs with other functional
materials.14–17 In this regard, a great deal of research has been
devoted to preventing CNT agglomeration and improving the
dispersion quality of CNTs.18–21 Although several methods using
chemical functionalization or organic surfactants have been
suggested for exfoliating CNTs in solvent, such methods oen
Engineering, Korea Advanced Institute of

n 34141, Republic of Korea. E-mail:

c.kr

n (ESI) available: The additional
CNTs, including TEM, SEM, AFM,

ctroscopy. See DOI: 10.1039/c7ra04015f

hemistry 2017
suffer from degradation of electrical and mechanical properties
of CNTs due to the formation of defects on the surfaces of the
CNTs or the insulating nature of the surfactants. Recently,
graphene oxide (GO) has received much attention as a platform
for many applications in aqueous media, such as pH, thermal,
and optical sensors, due to its amphiphilic structure, which
consists of a hydrophobic, p-conjugated 2D carbon sheet that
contains various hydrophilic oxygen functional groups.22–31 In
particular, the strong chemical affinity of GO for CNT via non-
destructive p–p interactions facilitates the use of GO as
a surfactant for CNTs.30,32–37 However, the dispersing efficiency
of GO was oen limited due to the large size of two-dimensional
GO, i.e., typically greater than a micrometer, which produces
mismatches with the sizes of the CNTs. Therefore, the ability to
engineer the size of GO at the nanoscale (i.e., graphene
quantum dot) can provide a powerful strategy to improve the
dispersion stability of the CNTs owing to the high surface-to-
volume ratio of nano-sized GOs compared with those of
micron-sized GO sheets.38–43 Importantly, the size effects of GO
on CNT dispersion stability as well as the electrical and
mechanical properties of CNT-based nanocomposites have
RSC Adv., 2017, 7, 30221–30228 | 30221
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Scheme 1 Schematic illustration of the preparation of size-controlled GO nanosheets through an ultrasonication process, and their application
in the conductive GO–MWCNT film and PVA–MWCNT composites with excellent electrical and mechanical properties.
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never been assessed. Thus, it is of great importance to system-
atically evaluate the size dependence of the dispersing ability of
GO sheets in order to optimize the electrical and mechanical
properties of CNT-composite materials.

In this work, we synthesized a series of size-controlled GOs to
investigate the size effects of the GOs on the dispersion of multi-
walled CNTs (MWCNTs) (Scheme 1), and demonstrated their
impact on the electrical and mechanical properties of MWCNT
composites. Ultrasonication was used to prepare GOs with
nearly identical surface properties with lateral sizes ranging
from 170 to 2060 nm. The critical GO-to-MWCNT ratio (WGO/
WMWCNT) required to achieve a stable dispersion of MWCNTs
clearly depended on the size of the GOs, i.e., the ratios were 0.83
for the 2060 nm GOs, and 0.14 for the 170 nm GOs, respectively.
Further evaluation of the electrical properties of GO–MWCNT
dispersions was performed by measuring the sheet resistance of
MWCNT thin lms. As the size of the GOs decreased from 2060
to 170 nm, the minimum WGO/WMWCNT value for fabricating
conductive GO–MWCNT lms was signicantly reduced from
0.1 to 0.025. Finally, well-dispersed GO–MWCNTs were used as
llers to enhance the mechanical properties of the poly(vinyl
alcohol) (PVA)-based composites, showing a reinforcement
effect of the smallest GO (170 nm) two-fold greater than that of
the largest GO (2060 nm).

Experimental
Materials

Graphite powder (particle size < 20 mm), MWCNTs (purity$98%
carbon basis, outer diameter 6–13 nm, length about 2.5–20 mm),
phosphoric acid (H3PO4), and PVA (MW 89 000–98 000, 99%
hydrolyzed) were all purchased from Sigma-Aldrich. Sulfuric
acid (H2SO4) was obtained from Samchun Chemical Co.
Potassium permanganate (KMnO4, 99%) was purchased from
Junsei. All of the materials were used as-received without
further purication.

Preparation of GO sheets

GO was synthesized from graphite powder by modifying
a previously reported method.44 First, 3 g of graphite akes was
added to amixture of H2SO4/H3PO4 (360 : 40mL). Aer allowing
the reaction to proceed under ambient conditions for 2 h, 18 g
30222 | RSC Adv., 2017, 7, 30221–30228
of KMnO4 was gradually added to the graphite solution. The
solution was then heated to 50 �C, and stirred for 2 weeks. Then,
the mixture was centrifuged and washed sequentially with
deionized (DI) water, 10% HCl aqueous solution, and ethanol.
The washing process was repeated several times. The remaining
solvent was evaporated under vacuum, and puried GO was
obtained.

To prepare size-controlled GOs, 500 mg of as-synthesized GO
powders was dissolved in 50 mL of DI water and divided into
ve 20 mL vials. Then, each GO suspension (10 mg mL�1 in DI
water) was subjected to ultrasonication using a probe type
sonicator (Sonics Vibra-Cell VCX-500, 500 W, 20 kHz) at 25%
amplitude for 0, 10, 30, 60, and 120 min to yield GO sheets with
varied sizes. An ice bath was used to avoid increase in temper-
ature during the probe sonication.
Preparation of GO–MWCNT dispersions in DI water

For a typical preparation of MWCNT stabilized by GO (GO–
MWCNT) in DI water, a GO suspension in DI water (10 mg
mL�1) was added to a vial preloaded with MWCNTs (1 mg) to
make a GO–MWCNT dispersion in DI water with a concentra-
tion of 0.1 mg mL�1. The weight ratio of GO-to-MWCNT (WGO/
WMWCNT) was varied from 1 : 50 to 1 : 1 to study its inuence on
the dispersibility. The mixtures were then subjected to probe
sonication (Sonics Vibra-Cell VCX-500, 500 W, 20 kHz) for
1 min, and allowed to settle for 24 h.
Fabrication of GO–MWCNT papers

For the sheet resistance measurement, GO–MWCNT papers
were fabricated by vacuum ltration of GO–MWCNT dispersion
through a polymer membrane lter (Mixed Cellulose Ester
membrane, 47 mm in diameter, 0.2 mm pore size, Hyundai
Micro Co.). The sheet resistance of GO–MWCNT thin lm was
measured from the current–voltage behavior using a Keithley
2400 Source Measurement Unit. The reported data were the
averages of ve tests for each sample.
Preparation of PVA composite lms

The PVA composite lms were produced by the solution casting
method.45–48 Sixty grams of PVA powder was dissolved in DI
water (400 mL) at 90 �C under stirring until the polymer was
This journal is © The Royal Society of Chemistry 2017
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completely dispersed. Then, the polymer solution was cooled
down to room temperature. Subsequently, the prepared GO–
MWCNT dispersions with different WGO/WMWCNT were each
added into 10 mL PVA solution, and the resulting mixtures were
stirred for 1 h to obtain homogeneous solutions. Then 20 mL of
each solution was poured into a rectangular polymer Petri-dish,
and desiccated at room temperature for 12 h, followed by
annealing at 70 �C for 30 min. High quality transparent lms
with uniform surface were thus obtained with thicknesses of up
to 0.3 mm. The thickness of the lm was controlled mainly by
the mass of PVA and the dimension of the Petri-dishes.
Fig. 1 SEM images of the size-controlled GOs subjected to different
ultrasonication times: (a) 0 min (GO0), (b) 30 min (GO2), and (c)
120 min (GO4). (d) Average lateral sizes of GOs as a function of
ultrasonication time.
Characterization

Field emission scanning electron microscopy (FE-SEM, Hitachi
S-4800) and transmission electron microscopy (TEM, JEOL
2000FX) analysis were performed to investigate the morphol-
ogies of GO and GO–MWCNT. TEM samples were prepared by
dropping aqueous suspensions of GOs onto Cu grids coated
with a holey carbon lm followed by solvent evaporation under
vacuum. The surface properties of GO sheets were characterized
by attenuated total reection Fourier-transform infrared (ATR-
FTIR) spectroscopy using a Bruker ALPHA and X-ray photo-
electron spectrometer (XPS, Thermo VG Scientic ESCA 2000).
Atomic force microscopy (AFM) images and thickness proles
were measured using a Veeco Dimension 3100 instrument. The
GO samples for SEM and AFM analyses were prepared by a dip-
coating method on precleaned silicon substrate. UV-visible (UV-
vis) absorption spectra were measured from diluted solutions
(by a factor of 5–20 from 0.1 mg mL�1 suspensions) in DI water
using a 1 cm path length quartz cuvette in a UV-1800 spectro-
photometer (Shimadzu Scientic Instruments) at room
temperature. The absorbance value at 500 nm of each GO–
MWCNT sample was determined by subtracting the absorbance
of GO from that of GO–MWCNT in order to exclude the inu-
ence of the GO on the resulting absorbance of MWCNT
dispersed in the water.

The tensile behavior of PVA composite lms was measured
using an Instron 3343 tensile tester with the 1 kN load cell. All
samples were cut from a at sheet into strips of 70 mm � 12.5
mm � 0.3 mm. Uniaxial tensile testing was performed at
a loading rate of 50 mmmin�1 with a gauge length of 25 mm for
each specimen.
Table 1 Average sizes of graphite and GOs with different sonication
times

Samples
Ultrasonication
time (min)

Avg. particle
sizea (nm)

Avg. layer
thicknessb (nm)

Graphite — 8960 � 3690 —
GO0 No sonication 2060 � 690 16.5 � 3.1
GO1 10 1070 � 320 5.4 � 0.4
GO2 30 550 � 160 5.4 � 0.6
GO3 60 370 � 70 5.5 � 0.9
GO4 120 170 � 70 4.6 � 1.1

a Measured as the mean diameter of the equivalent circular area from
SEM images. b Measured from the height proles of AFM images.
Results and discussion
Size-controlled GO nanosheets

In order to investigate the size effect of GO sheets on the
dispersing efficiency of the MWCNTs, a series of GO samples
with varied lateral sizes but the same surface properties was
prepared through breakdown of a parent GO sample, which was
made from graphite powder following a previously reported
chemical oxidation method.44 Fig. 1(a)–(c) shows the SEM
images of the GOs with different sizes. The average size of the
parent GO (GO0) was determined to be 2060 nm by the SEM
images. Then, the parent GOs were sonicated for 10, 30, 60, and
120 minutes, and the resulting samples were denoted GO1,
This journal is © The Royal Society of Chemistry 2017
GO2, GO3, and GO4, respectively. The sonication process broke
down the as-synthesized GOs, yielding reduced average size of
GO sheets: 1070 (GO1), 550 (GO2), 370 (GO3), and 170
(GO4) nm, as determined by the statistical analysis of the SEM
images (see Fig. 1, S1† and Table 1). Fig. 1(d) shows that, overall,
the size of the GO sheets decreased exponentially as a function
of the ultrasonication processing time. The thicknesses of GOs
were measured by AFM analysis, as shown in Fig. S2.† The
average thicknesses were 16.5, 5.4, 5.4, 5.5, and 4.6 nm for GO0,
GO1, GO2, GO3, and GO4, respectively. During the initial stage
of sonication (10 min), the thickness of the GO decreased
signicantly from 16.5 nm (GO0) to 5.4 nm (GO1). However,
GO1–GO4 exhibited similar thicknesses (�5 nm), indicating
that the GO sheets were composed of a few layers and that
additional sonication did not affect the thickness of the GO.

FTIR spectroscopy and XPS measurements were carried out
to determine the surface properties of the GOs. Fig. 2(a) shows
that all of the GO samples had the broad and intense peak of O–
OH group centered at 3400 cm�1 as well as the C]O stretching
vibration peak at 1740 cm�1. Also, they had the skeletal vibra-
tions of the unoxidized graphitic C]C domains at 1620 cm�1,
RSC Adv., 2017, 7, 30221–30228 | 30223
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Fig. 2 Surface properties of size-controlled GOs: (a) FTIR spectra and
(b) XPS C 1s spectra of graphite, GO0, GO1, GO2, GO3, and GO4.
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the C–OH stretching vibration peak at 1220 cm�1, and the C–O
stretch of the COOH group at 1050 cm�1. All of the GO samples
showed almost identical band proles, which were completely
distinct from the prole of the precursor (i.e. graphite) owing to
the formation of oxygen functional groups on the GO surface.
Moreover, as shown in Fig. 2(b), XPS data also displayed anal-
ogous proles for all of the GO samples, which were well
superimposed on each other (Fig. S3†), with characteristic
peaks at 284.4, 286.5, and 288.2 eV, representing C–C/C]C, C–
O, and O]C–OH groups, respectively. The XPS data showed
that the GOs had very similar C/O ratios in the range from 1.55
to 1.74, irrespective of the sonication time. The FTIR and XPS
results conrmed that the different-sized GO samples
possessed both sp2 carbons and oxygen functional groups, both
of which are essential for generating the p–p interactions with
the MWCNTs and dipole–dipole interactions with the polar
solvent (i.e., water). Taken together, these characterization data
demonstrated that the GO samples used in this study had
comparable physicochemical surface properties but different
lateral sizes, which made them suitable for assessing the effects
of the size of the GO on the properties of GO–CNT composites.
Fig. 3 (a) DMWCNT as a function of WGO/WMWCNT, and (b) variations of
the maximum DMWCNT value and the critical WGO/WMWCNT as a func-
tion of the GO size. UV-vis measurements of all specimens were
performed after a 24 h settling period.
GO–MWCNT dispersion

Next, the GO samples were tested as dispersants for MWCNTs.
Two different dispersion states of the MWCNTs were observed
from the photographic images in Fig. S4.† The pristine
MWCNTs (Fig. S4(a)†) produced aggregates in DI water due to
strong van derWaals interactions between individual MWCNTs,
whereas the GO4–MWCNTs (Fig. S4(c)†) were dispersed well in
DI water. In the TEM images, the pristine MWCNTs were
severely agglomerated into micron-sized bundles (Fig. S4(b)†),
whereas the GO–MWCNTs were well separated into thin, nano-
sized brils (Fig. S4(d)†). These observations indicated that the
hydrophobic basal planes of the GOs were successfully bound to
the surface of the MWCNTs through p–p stacking interactions,
separating the MWCNTs from each other and increasing the
dispersion quality of the MWCNTs in solution.49 In addition,
the hydrophilic oxygen-containing groups on the edge of the
GOs32,33,50 facilitated the stabilization of the GO–MWCNTs
through dipole–dipole interactions with water.

Next, the dispersion efficiency of MWCNTs was estimated by
measuring the UV-vis absorbance of the GO–MWCNTs in water.
For convenience, we dened the degree of MWCNT dispersion,
30224 | RSC Adv., 2017, 7, 30221–30228
DMWCNT, as the ratio of the dispersed MWCNTs to the MWCNTs
that were added to the solution initially. The concentration of
the MWCNTs dispersed in water can be determined by the
Beer's law equation, A ¼ 3 � L � C, where A is the absorbance of
the MWCNT dispersion in water, 3 is the extinction coefficient
of the MWCNTs, L is the path length of the cuvette through
which light passes, and C is the concentration of the dispersed
MWCNTs in water. For example, the A values of GO4–MWCNT
in solution were measured at different WGO/WMWCNT ratios. To
determine the precise 3 value for our MWCNTs, we measured
the A values of the GO–MWCNT solutions at different wave-
lengths (500, 600 and 700 nm). Assuming that (1) the ratios of
A500 nm, A600 nm, and A700 nm are xed for a given value of C (as
shown in Fig. S5(a)†) and (2) A is linearly proportional to C, we
performed the alternating least squares method for the
dataset at different wavelengths to determine the values of
3500 nm, 3600 nm and 3700 nm, which are shown in Fig. S5(b).† We
obtained 3500 nm ¼ 37.2 mL mg�1 cm�1, which was in good
agreements with the 3500 nm values for other MWCNTs.51–54

The C values of the GO4–MWCNT samples for different
WGO/WMWCNT were calculated by normalizing them by the
initially added amount of MWCNTs to produce DMWCNT (Fig. 3).

The DMWCNT values are plotted as a function ofWGO/WMWCNT

as presented in Fig. 3(a). All of the GO samples except GO0
exhibited similar hyperbolic proles in their DMWCNT curves
where the DMWCNT values increased sharply in proportion to
WGO/WMWCNT at relatively low WGO/WMWCNT values (#0.2), and
the DMWCNT values appeared to reach a plateau as the ratio was
further increased to more than 0.5. However, the DMWCNT values
varied signicantly from each other according to the size of GO.
For example, at theWGO/WMWCNT of 0.1, the DMWCNT values were
0.2, 0.7, 25.6, 33.5, and 47.0% for GO0, GO1, GO2, GO3, and
GO4, respectively, which shows a dramatic increase of DMWCNT

upon decreasing the size of GO. In particular, over the whole
range of WGO/WMWCNT that was measured in this study, the
DMWCNT values were ranked in the same order as the sizes of the
GO. Fig. 3(b) shows that, when the WGO/WMWCNT increased
further to over 0.5, each GO exhibited its own maximum value,
Dmax, i.e., 52.3, 61.9, 72.0, 77.5, and 81.1% for GO0, GO1, GO2,
GO3, and GO4, respectively. These results indicated that both
the dispersing efficiency and the maximum dispersing ability of
GOs were greatly enhanced by reducing the size of GO.
This journal is © The Royal Society of Chemistry 2017
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Based on the data in Fig. 3(a), the criticalWGO/WMWCNT ratios
are calculated using linear regression statistics53 and plotted as
a function of GO size in Fig. 3(b). This term represents the
minimum amount of GOs required to stabilize MWCNTs
effectively, and, thus, lower critical WGO/WMWCNT indicates the
more efficient dispersing ability of the GOs. Thus, the smaller
GOs stabilized the MWCNTs more effectively than the larger
GOs. For instance, the critical GO-to-MWCNT ratio values were
signicantly reduced from 0.83 to 0.14 as the size of the GOs
decreased from 2060 nm (GO0) to 170 nm (GO4). These results
were attributed to the fact that, at a xed amount of GO, small-
sized GOs have a larger number of sheets available for inter-
action with MWCNTs than large-sized GOs, therefore yielding
better dispersion efficiency at a given value of WGO/WMWCNT.
Electrical properties of GO–MWCNT lms

Next, we investigated the size effect of the GOs on the electrical
properties of the MWCNT by evaluating the sheet resistances of
MWCNT thin lms. For the voltage–current measurements,
GO–MWCNT lms (Fig. S6†) were prepared by vacuum ltration
of a GO–MWCNT dispersion (0.2 mg mL�1) through a polymer
membrane lter (pore size of 0.2 mm). As displayed in Fig. 4,
staircase-like curves were obtained from all of the GO samples;
the sheet resistance dropped suddenly at certain WGO/WMWCNT

ratios, which were remarkably varied depending on the size of
the GO. For example, at the WGO/WMWCNT of 0.02, the sheet
resistances of all samples were higher than 1011 U sq�1, indi-
cating that all of the GO–MWCNT lms were nearly insulating at
this WGO/WMWCNT. When the WGO/WMWCNT ratio was increased
to 0.025, the GO3–MWCNT and GO4–MWCNT lms had dras-
tically reduced sheet resistances, i.e., 3.3 � 106 and 2.2 � 105 U
sq�1, respectively. By contrast, the sheet resistances of the GO1–
and the GO2–MWCNT lms became comparable to those of the
GO3– and the GO4–MWCNT lms only aer the WGO/WMWCNT

was increased to above 0.05. In a striking contrast, the GO0–
MWCNT showed notably worse electrical performance
compared with the other GO–MWCNT samples, and it required
a WGO/WMWCNT ratio of 0.1 to lower the sheet resistance to less
than 106 U sq�1. Accordingly, the electrical properties of the
GO–MWCNT composite were strongly dependent on the size of
GO. This was evidenced by the fact that the minimum WGO/
Fig. 4 Sheet resistances of thin films made fromMWCNT suspensions
stabilized by different-sized GOs.

This journal is © The Royal Society of Chemistry 2017
WMWCNT value required to build a conductive MWCNT lm
reduced progressively as the size of the GO decreased: 0.1 for
GO0, 0.05 for GO1 and GO2, and 0.025 for GO3 and GO4.

Such GO size-dependent electrical properties of the GO–
MWCNT lms can be associated with the dependence of the
quality of MWCNT dispersion on the size of the GOs. As evi-
denced in Fig. 3, the small-sized GOs exfoliate MWCNT bundles
more effectively than large-sized GOs. Therefore, the small-
sized GOs can help to achieve more evenly distributed
MWCNTs, and thereby effectively form interconnected MWCNT
networks, as supported by the SEM images in Fig. S6,† leading
to a signicantly lower WGO/WMWCNT required for fabricating
conductive lms. It is worth noting that there is a discrepancy
between the critical WGO/WMWCNT for achieving stable disper-
sion and a conductive lm. For example, in the case of GO4, the
critical WGO/WMWCNT based on UV-vis data was 0.14, whereas
the ratio from the sheet resistance data was 0.025; this differ-
ence was attributed to the differences between solid-state and
liquid-state dispersion.
Mechanical properties of polymer–CNT composite lms

CNTs have been investigated as reinforcing llers for enhancing
the mechanical stability of polymer composites, but one of the
major hurdles to achieve this goal is the poor dispersion of the
CNTs in solid matrices.55–61 It was known that the uniform
dispersion of the ller is one of the keys to effectively enhancing
the physical properties of polymer composites.62–68 Thus, we
assessed the size effects of GO on the dispersion of GO–
MWCNTs in the polymer matrix and the mechanical properties
of polymer–MWCNT composites. The effect of GO-assisted
CNTs on the mechanical properties of polymer matrices has
been studied using PVA as a matrix.46,47,69 PVA–MWCNT
composites were prepared using GO0–, GO2–, and GO4–
MWCNT as llers, representing large-sized (2060 nm), medium-
sized (550 nm), and small-sized (170 nm) GOs, respectively. The
Young's moduli of the PVA–MWCNT composites were deter-
mined from their stress–strain curves (Fig. S7†) and plotted as
a function ofWGO/WMWCNT from 0 (i.e., pristine MWCNT) to 1 at
an MWCNT volume fraction of 1.2% where the differences
between the samples emerged. The mechanical property data of
Fig. 5 Mechanical properties of GO–MWCNT/PVA composite films
with different WGO/WMWCNT. For three composites containing
different GO–MWCNT, (a) Young's modulus and (b) dY/dVf values as
a function of WGO/WMWCNT are plotted. The volume fraction of
MWCNT was kept at 1.2%.
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Table 2 Young's moduli of MWCNT/PVA composite films

Young's modulus, Y (GPa)

WGO/WMWCNT 0 1/10 1/5 1/2 1/1
PVA (unlled) 3.4 — — — —
MWCNT/PVAb 5.4 (58%)a

GO0–MWCNT/PVAb — 5.4 (58%)a 5.4 (58%)a 7.1 (108%)a 8.5 (149%)a

GO2–MWCNT/PVAb — 7.0 (106%)a 8.9 (162%)a 9.0 (166%)a 12.0 (254%)a

GO4–MWCNT/PVAb — 9.6 (183%)a 10.7 (215%)a 13.6 (299%)a 14.2 (319%)a

a Percentage values in parentheses indicate the increased degree of reinforcement by GO–MWCNT ller compared with the Young's modulus value
of the pristine MWCNT. b The vol% of MWCNT was kept constant at 1.2%.
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PVA–MWCNT composites that contained different volume
fractions of MWCNT are shown in Fig. S8.†

As presented in Fig. 5 and Table 2, the pristine MWCNT
increased the Young's modulus (Y) of PVA by 58% (from 3.4 to
5.4 GPa), which was comparable to the previously reported
reinforcing effects of MWCNT.45,70–73 In stark contrast to the
pristine MWCNT sample, the GO–MWCNT hybrid complexes
showed dramatic improvement in the mechanical properties of
the PVA composites, which was, at the same time, strongly
dependent on the size of the GO. For example, the GO4–
MWCNT reinforced the Young's modulus of PVA by 183, 215,
299, and 319% with the WGO/WMWCNT of 0.1, 0.2, 0.5, and 1,
respectively. In addition, over the whole range of WGO/WMWCNT,
the highest Young's modulus was exhibited by the GO4–
MWCNT, followed by the GO2–MWCNT, and GO0–MWCNT,
which is the same order as the DMWCNT values in Fig. 3. The
Young's modulus enhancement at a given volume fraction of
MWCNT (dY/dVf) provided more apparent differences in the
reinforcement efficiencies, as displayed in Fig. 5(b). Specically,
at theWGO/WMWCNT of 1, the dY/dVf values were 480 GPa for the
GO0–MWCNT, 797 GPa for the GO2–MWCNT, and 1033 GPa for
the GO4–MWCNT, showing signicant enhancement in the
reinforcement efficiency by reducing the size of GO.

This enhancement of the mechanical properties of GO–
MWCNT bore a resemblance to the dispersion behavior of GO–
MWCNTs that was shown in Fig. 3, leading to the conclusion
that the reinforcement effect by GO–MWCNT was also strongly
related to the size of GO. Therefore, GO4, the smallest as well as
the most efficient surfactant tested in this study, provided the
largest reinforcement effect of the PVA composites at any WGO/
WMWCNT ratio owing to its having the most homogeneously
distributed MWCNTs in the PVA matrices.
Conclusions

In summary, we developed different-sized GOs from 170 to
2060 nm for dispersing MWCNTs to demonstrate the size
effects of the GOs on the MWCNT dispersion, and on the elec-
trical as well as mechanical properties of the MWCNT-based
composites. The critical WGO/WMWCNT value for MWCNT
dispersion was dramatically reduced from 0.83 to 0.14 as the
size of GO decreased from 2060 to 170 nm. The minimumWGO/
WMWCNT value required to achieve a conductive GO–MWCNT
lm was reduced from 0.1 to 0.025 owing to the signicantly
30226 | RSC Adv., 2017, 7, 30221–30228
improved dispersion quality. Further investigation on the
mechanical properties of the PVA–MWCNT composites showed
that the reinforcement efficiency (dY/dVf) of the GO4–MWCNT-
added PVA composite was two-fold higher than that of the GO0–
MWCNT-added PVA. Our investigation highlighted the impor-
tance of the size of the GO for designing and building GO–CNT-
based composites with optimized electrical as well as mechan-
ical properties for various applications, such as structural
composites, transparent electrodes, and energy storage devices.
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