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Abstract

Pristine carbon nanotubes (CNTs) and functionalized carbon nanotubes (f-CNTs) were introduced into conductive poly(methyl
methacrylate)/graphene nanoplatelet (PMMA/GNP) composites to achieve a synergistic effect in the enhancement of the
conductivity and the reduction in the percolation threshold by forming a 3-Dimensional(3-D) hybrid structure. Both the
in-plane and perpendicular electrical properties were investigated. The synergies of hybrid fillers in the in-plane direction
were more dependent on the total filler loading, while those in the perpendicular direction were significantly influenced by
the GNP/CNT or GNP/f-CNT ratios. Typically, a schematic diagram of the evolution of the 3-D conductive pathways of
PMMA/GNP/f-CNT composite at different GNP/f-CNT ratios was presented to explain this phenomenon. Moreover, tunable
conductivity anisotropy (defined as the ratio of in-plane conductivity to perpendicular conductivity) ranging from 0.01 to
1000 was achieved, simply by constructing different conductive structures at various filler loadings or ratios in composites.
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1 Introduction

Conductive polymer composites (CPCs) can be obtained by
loading conductive fillers into insulating polymer matrices,
which have received intensive attention from both the acad-
emy and industry [1]. Among the conductive fillers, carbon
nanotubes (CNTs) [2-5] and graphene derivatives like gra-
phene nanoplatelets (GNPs) [6-9] are of particular favor on
account of the unique structures and remarkable conductivi-
ties. However, due to the relatively high cost of nanoparti-
cles, poor processability, and poor mechanical properties
at high filler content, it requires reducing filler concentra-
tion as much as possible. Thus much attention is focused
on the possibility of achieving a synergistic effect from the
presence of two carbon fillers with different geometries and
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electrical properties [10, 11]. Excellent material properties
and similar molecular structures make CNTs and GNPs the
most studied combinations of carbon nanofiller in polymer
composites. GNPs have a high specific surface area, unless
well separated from each other; GNPs tend to form irrevers-
ible agglomerates or even re-stack through van der Waals
interactions [12, 13]. When CNTs are introduced, they can
both embed graphene nanofillers and bridge the independent
graphene layers into an interconnected entire structure [14,
15]. Thus the synergistic effect could occur through the non-
covalent n—7 interaction, disintegrating agglomerates, and
establishing efficient 3-D interconnected conduction paths.

One can define “synergy” in several different ways; the
current reported synergy mainly includes the following
[16, 17]. (1) A small amount of a second filler dramati-
cally increases the conductivity of the CPC [18-21]. (2)
The conductivity of the ternary CPC is higher than the con-
ductivity of either of the two binary CPCs while keeping
the total filler fraction constant [22]. (3) The conductivity
of the ternary CPC is higher than the conductivities of the
both binary CPCs at the same total filler fraction [23-26].
(4) The experimental percolation threshold of the ternary
CPC is lower than the predicted connecting line between the
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percolation thresholds of the two fillers A and B as given by
Eq. 1[18, 24]:

) )
CDC,A (Dc,B

where @, and @ are the actual volume fractions of A and B
particles. ®_, and @, are the percolation volume fraction
of A and B if the unit volume is filled with A or B alone. For
polymer/GNPs/CNTs, A and B represent GNPs and CNTs.

Type 1 and 3 synergies were realized in TPU composite
[18]; the percolation threshold of GNPs was about 0.006
vol. % when the CNT content was fixed at 0.255 vol. % that
is below the percolation threshold of CNTs/TPU nanocom-
posites. In another research [24], @, was about 0.84 wt%
and 0.88 wt% for the composite filled with single CNTs and
GNPs, respectively, while that was 0.62 wt% of the hybrid
filler system, together with a significant increase in conduc-
tivity in the lower overall filler concentration at the ratio of
CNTs/GNPs =8/2, achieving both type 3 and 4 synergies.
Such a dependence of the synergistic effect on the filler ratio
was usually found in many studies [27-31], which means
synergy sometimes only occurs at certain ratios of hybrid
fillers and may vary from these ratios. From these studies,
one could find that the optimal filler ratio varied from sys-
tem to system. It is generally believed that the synergy does
not always work since the dispersion state of fillers varies,
which depends on the ratio of filler loading, interaction
between fillers and polymer matrix, and filler size. No syn-
ergy or even anti-synergistic effect has been found in some
researches. For example, hybrid CNTs/GNP nanocomposites
exhibit electrical conductivities similar to single CNT-based
nanocomposites [32] or GNP-based nanocomposites [33],
while the other filler does not contribute to enhancing the
electrical conductivity. However, there is still a lack of sys-
tematic analysis of when the synergistic effect appears and
fades away and how it changes with the dispersion state of
fillers.

It has been reported that the conductivities in different
measuring directions can be different, which often results
from the orientation of conductive fillers [34-39]. Studies
including perpendicular (through-thickness) electrical con-
ductivity mainly focus on the following few categories: (1)
Methods of enhancing perpendicular conductivity of carbon
fiber reinforced polymer composites to minimize their dam-
age from lightning strikes [40—42]. (2) Methods of inducing
filler alignment to improve the electrical properties along the
aligning direction [43-46]. (3) Comparison of the effect of
different processing-related factors in the orientation state
of conductive particles [47, 48]. If efficient 3-D conductive
networks form by GNPs/CNTs hybrid in ternary CPCs, con-
ductivities in the in-plane and perpendicular direction must
change relative to the binary CPCs. The investigation is of

much interest; however, few studies have been conducted
on that. Furthermore, compared to inducing filler alignment
with external fields, hybridizing fillers might be a promising
and facile way to tune the anisotropic electrical properties.

In this work, pristine CNTs and oxygen functionalized
CNTs were added into PMMA together with GNPs to form
the ternary composites at different filler ratios. This work
aims to study how the structures and morphologies of ter-
nary polymer composites determine the in-plane and perpen-
dicular electrical conductivities systematically. Based on the
different 3-D conductive structures at various filler loadings
and ratios, a facile route to tune the conductivity anisotropy
via hybrid fillers is proposed.

2 Experimental section
2.1 Materials

The matrix material PMMA Plexiglas 7 N was provided by
Evonik Rohm GmbH (Germany), with Mw of 99 kg/mol and
polydispersity index of 1.52. Tetrahydrofuran (THF) was
obtained from Sigma Aldrich, Saint Louis, MO, USA. Nitric
acid (70 v/v%) and sulfuric acid (98 v/v%) were provided by
Carl Roth GmbH (Germany) and Merck KGaA (Germany),
respectively. GNPs were supplied by ProGraphite GmbH
(Germany) with about 10 layers, d50 as an index of 50 pm,
and conductivity of 800-1100 Secm™'. CNTs Baytubes®
C150P were obtained from Bayer Material Science AG, Lev-
erkusen, Germany, which has been characterized by a carbon
purity of about 95%, and a bulk density of 120-170 kg/m®.
The length is larger than 1 pm, and an outer nanotube diam-
eter is 13 +3 nm according to the datasheet.

2.2 Oxygen functionalization of CNTs

Functionalized CNTs (f-CNTs) were prepared by reacting
pristine CNTs with sulfuric and nitric acids. In the reaction,
0.5 g of CNTs powder was added to 40 ml of nitric acid:
sulfuric acid (1:3) mixture. After reacting for 24 h, the pre-
cipitated powder was carefully removed and washed with
distilled water until the pH was neutral [49]. The resultant
powder was dried in an oven for 24 h at 80 °C.

2.3 Sample preparations

All materials were dried at 80 °C in a vacuum oven for at
least 12 h before processing. GNPs and CNTs (or f-CNTs)
of various loadings and ratios were sonicated in THF for
30 min to yield a homogeneous dispersion, and then, PMMA
pellets were added into the GNP/CNT/THF or GNP/f-CNT/
THF suspensions. The concentration of the polymer solution
was kept at about 4 wt% in this work. Next, the obtained
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mixtures above were stirred for 24 h at room temperature.
Finally, these mixtures were cast onto glass plates and dried
under ambient conditions for 48 h. The resultant composite
films had a thickness of about 0.2 mm.

2.4 Characterization

Investigation of the qualitative composition of the func-
tional groups on the surface of CNTs and f-CNTs was per-
formed with Fourier transform infrared (FTIR). The spec-
tra were recorded using a Nicolet 6700 spectrophotometer
in the frequency range of 4000—-500 cm™! in transmission
mode (KBr). The macro-scale dispersion of fillers in the
PMMA matrix were observed with an optical microscope
(OM) (Leitz, Orthoplan P). Scanning electron microscopy
(SEM) (Carl Zeiss Microscopy, Germany) was conducted to
investigate the morphologies of fillers and composite films,
operating at an accelerating voltage of 3 kV. The composite
films were previously fractured at room temperature, and the
cross-sections were coated with a gold layer using Sputter
Coater S150B from Edwards. The electrical resistance R
of composites both in the in-plane direction and through-
plane direction were measured at room temperature, using
a Keithley 6487 Pico ammeter at a constant voltage (1 V)
based on a homemade setup as shown in Fig. S1. The electri-
cal conductivity o was then calculated as

c=d/(RXS) @

where R is the electrical resistance of the sample, d is the
length of the sample parallel to the direction of the voltage
or the distance between two electrodes, and S is the area
of the sample perpendicular to the direction of the electri-
cal field. Tensile testing was evaluated on a universal test
machine (Zwick Z050) with a tensile speed of 1 mm/min.
Five samples were tested for each group for both electrical
and mechanical tests in order to have an average.

3 Results and discussion

3.1 Structure characterization of carbon fillers
and binary composite films

The FTIR spectra of CNTs and f-CNTs are presented in
Fig. 1. The spectrum of CNTs shows peaks at 3440 and
1636 cm™!, which can be assigned to O—H stretching vibra-
tions and double bonds C=C of aromatic rings, respec-
tively. After treatment, a peak at 1720 cm™' was observed
for f-CNTs, which is related to the (O=C-OH) stretching
vibrations in the carboxylic acid group [50]. This confirms
that the carboxyl groups were grafted on CNT surface during
the oxidation process.
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Fig. 1 FTIR spectra of CNTs and f-CNTs

The morphologies of conductive fillers used in this
study are shown in Fig. 2a—c. The diameter of the pris-
tine GNPs (Fig. 2a) is several tens of microns, which is in
agreement with the statement of the manufacturer. It is also
stated that the GNPs are about 10 layers thick, e.g., sev-
eral nanometers in thickness. Thus, the GNPs have a very
high aspect ratio (> 1000). Figure 2b, ¢ show the presence
of smaller aggregates and tangled CNT clusters. However,
Fig. 2b shows shorter length of the f-CNTs than the CNTs
in Fig. 2c after treatment with acids [51]. Figure 2d—f show
the cross-section of the binary composite films PMMA/
GNPs, PMMA/f-CNTs, and PMMA/CNTs, respectively.
The rough fracture surface in Fig. 2d indicates poor inter-
facial adhesion between the larger-sized GNPs and the
PMMA matrix. In contrast, the smaller-sized f-CNTs and
CNTs were well embedded in the matrix, leading to a much
smoother surface. The macroscopic distribution of fillers in
the polymer is shown in Fig. 2g—h. PMMA/GNPs showed
obvious GNPs phase segregation due to the poor compat-
ibility between GNPs and PMMA matrix [52]. f-CNTs were
more uniformly and randomly dispersed, while pristine
CNTs formed much larger aggregates. This confirms the
improvement in the compatibility via chemical function-
alization. The functional group of the f-CNTs could react
with an active group on the polymer chains of the PMMA;
thus, they will enhance the distribution of the fillers into
the polymer matrix.

3.2 Electrical properties of the binary composite
films

The logarithm of the in-plane (log o;) and perpendicular
conductivity (log op) as a function of the filler volume
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Fig.2 SEM images of the
conductive fillers: a GNPs; b
f-CNTs; ¢ CNTs used in this
study. SEM images of the cross-
section of the binary composite
films at 0.005 filler loading:

d PMMA/GNPs; e PMMA/{-
CNTs; f PMMA/CNTs. Optical
images of the surface of the
binary composite films at 0.005
filler loading: g PMMA/GNPs;
h PMMA/f-CNTs; i PMMA/
CNTs

fraction for the binary composite films are shown in
Fig. 3. The dots represent the experimental data. It can
be seen when the filler loading exceeds a certain amount,
the electrical conductivity increases significantly. This
special filler content is called percolation threshold (®,).
@, in this work was determined by the general effec-
tive medium (GEM) theory equation [53] and confirmed
by the classical percolation theory equation [54]. GEM
equation is
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Fig.3 The logarithm of the a in-plane and b perpendicular con-
ductivity as a function of filler volume fraction for PMMA/GNP,
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where ¢, 6., and o, are the conductivities of the PMMA
matrix, the composite, and the filler, respectively. @ is the
volume fraction of fillers, and @, is the percolation thresh-
old. The values of the exponents and ¢ are generally taken to
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show the best fit utilizing the GEM Eq. 3 with two adjustable param-
eters (¥, and exponent ¢ in Eq. 3)
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The classical equation is
6=60<(I)—(D6)t 4)

where ¢ and ¢, are the conductivities of the composite and
the electrical filler, respectively. @ is the volume fraction of
fillers, and ®,. is the percolation threshold. For filler concen-
trations of composites with ®>®,_, the experimental results
are fitted by plotting log ¢ against log (®-®_) and ®, has
been adjusted to obtain the best linear fit.

The dashed lines in Fig. 3 are the fitting results using
GEM Eq. 3 while those in Fig. S2 are the fitting results
using classical Eq. 4. Binary PMMA/f-CNTs had a con-
ductivity of 1-2 orders of magnitude lower than PMMA/
CNTs due to the functional process which added defects
to the CNTs and reduced the aspect ratio [55]. Another
possibility is that the interaction of PMMA with f-CNTs
formed an insulating layer on filler’s surface, which made
the tunneling of electrons from tube to tube more difficult
[56, 57]. The log o; of PMMA/CNTs was higher than
that of PMMA/GNPs beyond both @, while the log op
was opposite. It can also be seen that the conductivity of
PMMA/GNP composite was more fluctuant in the per-
colation region and it also showed a narrower insulator—
conductor transition region than PMMA/f-CNTs and
PMMA/CNTs, which was related to the worse distribu-
tion and dispersion of the GNPs [58]. This means PMMA/
GNPs were more sensitive to small changes in the filler
concentration and had worse stability of electrical proper-
ties. The corresponding in-plane (@, ;) and perpendicu-
lar percolation thresholds (®,p) predicted from Eq. 3
are shown in Table 1. Both ®_; and ®@_, followed the
sequence of PMMA/GNPs > PMMA/f-CNTs > PMMA/
CNTs. PMMA/CNT composite had the lowest percolation
threshold among the three kinds of binary composites.
This indicates that the large aggregates and poor distribu-
tion of CNTs in Fig. 2 facilitated the formation of conduc-
tive networks [59].

3.3 Synergy in in-plane electrical properties
The investigation on the synergistic effect of hybrid fillers on

the electrical properties of CPCs was conducted on ternary
PMMA/GNP/f-CNT and PMMA/GNP/CNT composites

comprising a total volume fraction of hybrid fillers between
0.005 (close to the @, of binary composites) to 0.02 (near-
saturated concentration of perpendicular conductivity). The
synergy in the in-plane direction is shown in contour plot
diagrams in Fig. 4, where the X-axis corresponds to GNP
volume fraction and Y-axis corresponds to f-CNTs or CNT
volume fraction. The black dots represent the experimental
data, which generated the black iso-contour lines connecting
points of equal log ¢ value. To define the synergy region and
the strongest synergy points, data for composites with the
same total filler content were connected by a blue dashed
line, which means the total filler volume fraction in each
blue dash line is kept constant. These lines are parallel to
each other. For clarity, only some of the tangents to the iso-
lines are shown in the contour plot diagrams. The strong-
est synergy points (white circles) are the contact points of
these blue lines and iso-lines, which reveal a ternary recipe
with the most possible reduction of the total volume frac-
tion as compared to the binary systems [16]. These circles
were connected by a white line, indicating a trajectory of the
strongest synergy at certain filler volume fractions.

The aforementioned type 3 synergy is fulfilled when the
conductivity of any point in the same blue line (ternary
composite) is higher than the points in the X- and Y-axes
(binary composite). From the contour lines of Fig. 4a, it can
be observed that when the filler fraction in PMMA was less
than about 0.01, type 3 synergy happened, but at higher filler
contents, only type 2 synergy or even anti-synergy existed.
The region of synergy and non-synergy is distinguished by
the bright and the shadow part in Fig. 4 as well as in the
following contour plot diagrams. The strongest synergy
occurred at a total filler fraction between 0.003 and 0.005
and at GNP/f-CNT ratio of about 1/1. For example, at the
point of 0.0025 GNPs + 0.0025f-CNTs, the value of log o,
was —4.56, which was 8 orders of magnitude higher than
both the insulating binary CPCs. In the case of PMMA/
GNP/CNT composite (Fig. 4b), in contrast to PMMA/GNPs/
f-CNTs, type 3 synergy was fulfilled when filler fractions
were more than 0.01. This phenomenon has also been found
in other research [60].

To better understand the synergy in the in-plane conduc-
tivity as well as the effect of hybrid fillers on the percolation
behavior of CPCs, the log o; as a function of the total filler

Table 1 In-plane and perpendicular percolation thresholds of the binary composites and ternary composites obtained from Eq. 3

PMMA/GNPs PMMA/f-CNTs PMMA/CNTs PMMA/GNPs/f-CNTs(2/1) PMMA/GNPs/CNTs(1/1)
@, 0.008 +0.0025 0.0068 +0.0025 0.0044 +0.0017 0.0041 £0.0013 0.0048+0.0017
0.0076+0.0025 * 0.0062+0.0021 *
@, p 0.0042+0.0013 0.0031+0.00085 0.00084 +0.00095 0.0024 0.00045 0.00057 +0.00036

0.0038+0.0011 * 0.0025+0.0011 *

*Values predicted from Eq. 1 according to ®, of the binary composite
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Fig.4 The logarithmic value of in-plane conductivity of a PMMA/
GNP/f-CNT composite and b PMMA/GNP/CNT composite versus
filler volume fraction of two hybrid fillers in a contour plot diagram

volume fraction of ternary systems and binary systems is
shown in Fig. 5, where GNPs/f-CNTs of 2/1 and GNPs/
CNTs of 1/1 were chosen to present the ternary CPCs. The
values of the percolation threshold could also be found
in Table 1. With the addition off-CNTs, the percolation
threshold of ternary PMMA/GNPs/f-CNTs decreased from
0.008 +0.0025 to 0.0041 +0.0013, which was also lower
than the predicted value (0.0076 +0.0025) from Eq. 1 based
on the ®_; of PMMA/GNP and PMMA/f-CNT compos-
ites. Therefore, type 4 synergy was achieved in this ternary
composite. Moreover, the conductivity of ternary PMMA/
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showing synergy region and strongest synergy points (white circles
and white line). The contour interval is 0.5. The inset is a magnified
view of the strongest synergy points

GNPs/f-CNTs was higher than both binary composites
below the total filler fraction of 0.01. However, as discussed
before, the synergy in conductivity did not occur above
that filler content. The conductivity of ternary composites
became only a little higher than that of binary PMMA/f-
CNTs but kept around 1 order of magnitude lower than
that of PMMA/GNPs. This indicates that the combination
of GNPs and f-CNTs facilitated the formation of in-plane
conductive networks, but the electrical conductivity was
dominated by the weaker conductive f-CNTs. This might be
attributed to the 25-mm-long measuring distance of in-plane
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direction, where the complete conductive paths were com-
prised of GNP-GNP, GNP-f-CNT, and f-CNT-f-CNT junc-
tions. The GNP-f-CNT and f-CNT-f-CNT junctions limited
the improvement of log o,. In Fig. 5b, PMMA/GNPs had
the highest @ ; and lowest log o; independent of GNP con-
centration. Composite filled with hybrid GNPs and CNTs
had a D, of 0.0048 +0.0017, which was close to PMMA/
CNTs (0.0044 +0.0017) and lower than the predicted one
(0.0062 +0.0021). Type 4 synergy was achieved in PMMA/
GNP/CNT system likewise. As to the conductivity, log o,
near ®_; was lower but grew faster with total filler con-
tent increasing, surpassing the conductivities of both binary
composites beyond 0.01 filler loading. This phenomenon is
likely resulted from the formation of more conductive paths
in the in-plane direction due to the homogenous distribution
of fillers as shown in Fig. S3e.

The synergy in percolation could be explained by the
corresponding macroscopic distribution of the two kinds
of hybrid fillers in PMMA as shown in Fig. 6a, b. Com-
pared to the binary system in Fig. 2g, the GNP segregation
disappeared in the hybrid GNP/f-CNT system (Fig. 6a); a
more homogeneous distribution was achieved. It also shows
more continuous networks than both binary composites. As
discussed before, f-CNTs were better dispersed than CNTs;
however, the electrical properties of binary PMMA/f-CNTs
were poorer than that of PMMA/CNTs due to the detrimen-
tal effect of the functionalization. For these ternary systems,
f-CNTs with better compatibility with polymer matrix could
also improve the dispersion of GNPs into PMMA. Due to the
improved dispersion state and large aspect ratio of GNPs, it
became easier for hybrid fillers to connect each other. For
GNP/CNT system (Fig. 6b), the segregation of GNPs also
vanished and the hybrid fillers tended to distribute like sin-
gle CNTs but the aggregations were slightly smaller. That is

Fig.6 Optical images of the surface of the a PMMA/GNP/f-CNT
and b PMMA/GNP/CNT composite films at 0.005 total filler loading.
SEM image showing intercalation of ¢ f-CNTs and d CNTs between
GNPs

@ Springer

why the ternary PMMA/GNPs/CNTs exhibited lower con-
ductivity at a filler fraction below 0.01. Figure 6¢, d show
that both f~-CNTs and CNTs could embed GNPs and bridge
the graphene layers into a 3-D interconnected structure at a
nano-scale. It can be inferred that although 3-D intercon-
nected pathways formed in both ternary systems, the in-
plane conductivity was more dependent on the macroscopic
distribution state of fillers.

3.4 Synergy in perpendicular electrical properties

The synergistic effects of GNPs/f-CNTs and GNPs/CNTs
on log op of the ternary CPCs are shown in Fig. 7. Because
the sequence of log op of the binary CPCs followed PMMA/
GNPs >PMMA/CNTs >PMMA/f-CNTs beyond 0.005 filler
loading, type 3 synergy of ternary systems can be clarified
by comparison to the PMMA/GNPs. The result shows that
it occurred when GNPs/f-CNTs >2/1 and GNPs/CNTs > 1/4
approximately for PMMA/GNP/f-CNT composite and
PMMA/GNP/CNT composite, respectively. It can also be
noted, unlike the filler loading-determined log o, log o, was
more dependent on the filler ratio. The strongest synergy
points were close to the filler ratio of 4/1 and 2/1 for PMMA/
GNP/f-CNT and PMMA/GNP/CNT composite, respectively.

Typically, log op of ternary and binary CPCs as a func-
tion of the filler volume fraction is shown in Fig. 8, where
GNP/f-CNT was 2/1 and GNP/CNT was 1/1 in the ternary
system. In Fig. 8a, the ®_, of PMMA/GNP/f-CNT com-
posite decreased from 0.0042+0.0013 (PMMA/GNPs) or
0.0031 £0.00085 (PMMA/f-CNTs) to 0.0024 +0.00045. In
comparison to the predicted @, of 0.0038 +0.0011, type
4 synergy was realized. The ®_; of ternary compositesis
lower than both binary composites, which has also been
found in other reports [24, 61]. Interestingly, unlike the log
o; discussed in the last section, the log op of ternary com-
posites was very close to that of binary PMMA/GNPs rather
than be limited by f-CNTs, indicating that the conductive
pathways through-thickness were dominated by GNPs. This
could be explained in two aspects. First, the thickness of
films was rather small (about 0.2 mm) relative to the sam-
ple length, GNPs with a d50 as an index of 50 pm could
form the conductive networks easily across this distance,
and the contribution of less conductive and short f-CNTs
(1-pm length) could be neglected. Second, one-third of the
GNPs was replaced by f-CNTs in this hybrid system, but
the conductivity of the ternary composite could remain at
a comparable level as PMMA/GNP composite. Apparently,
f-CNTs with 2 orders of magnitude lower conductivity could
not compensate for the loss if GNPs kept the original exfo-
liation state. Therefore, the main reason is a more effective
exfoliation of GNPs in the presence of CNTs. As to PMMA/
GNPs/CNTs, the @ ; was 0.00057 £0.00036, even lower
than that of PMMA/CNT composite (0.00084 +0.00095).
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Fig.7 The logarithmic value of perpendicular conductivity of a
PMMA/GNP/{f-CNT composite and b PMMA/GNP/CNT composite
versus filler volume fraction of two hybrid fillers in a contour plot

The predicted one was 0.0025+0.0011; type 4 synergy
was also achieved. Furthermore, the log 6, was higher than
both binary composites at all filler contents, which can also
be obtained in the contour plot diagram in Fig. 7b. This
could also be ascribed to the bridging and the intercalation
of CNTs between the GNPs stacks. Since GNPs and CNTs
both had high and close conductivities, the synergistic effect
of this pair was more remarkable than GNPs/f-CNTs.

It could be observed from Fig. 7, filler ratio played
an important role in the electrical conductivity of ter-
nary composites, and the synergy region of PMMA/
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Fig.8 Comparison of the logarithm of the perpendicular conductiv-
ity as a function of the filler volume fraction of ternary system and
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CNTs volume fraction (-)

log op (S-cm™)

0.020 , 0

. PMMA/GNPS/CNTs (b) E
,” L

0.016 - / GNPs/CNTs=1/4

2
0.012 - 3
-
0.008 - | .
-6

0.004 =
-7
0.000 - . — - o 8

0.000 0.004 0.008 0.012 0.016 0.020

GNPs volume fraction (-)

diagram showing synergy region and strongest synergy points (white
circles and white line). The contour interval is 0.5

GNPs/f-CNTs was narrower than that of PMMA/GNPs/
CNTs due to the large difference in conductivities of GNPs
and f-CNTs. To better understand the relation between
the perpendicular conductivity and filler ratio, a contour
plot diagram of the PMMA/GNP/f-CNT composite was
further analyzed in Fig. 9, which shows the synergistic
behavior evolution with filler volume ratios varying by
four regions. This could be interpreted combining with
the microstructural conductive network evolution with
the volume ratio of GNPs/f-CNTs, which is shown in the
schematic diagram Fig. 10.
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Fig.9 The logarithmic value of
perpendicular conductivity of

log o (S-cm™)

PMMA/GNP/f-CNT composite
versus filler volume fraction of
two hybrid fillers in a contour
plot diagram showing the
different synergistic behavior
evolution at different regions of
filler volume ratios. The contour
interval is 0.5
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I: GNPs/f-CNTs >4/1, compared to the PMMA/GNP
composite, a rise of approximately one order of magnitude
in the log 6, can be observed for the ternary composite.
The strongest synergy points were located in this region as

Fig. 10 Schematic diagram
of the microstructural con-
ductive network evolution in
PMMA/GNP/f-CNT com-
posites with the volume ratio
of GNPs/f-CNTs decreasing
for interpreting the differ-
ent synergistic behaviors.
CPCs comprising a single
GNPs, b GNPs/f-CNTs >4/1,
¢ 4/1>GNPs/f-CNTs > 1/1,
d 1/1>GNPs/f-CNTs > 1/4,
e 1/4>GNPs/f-CNTs, and f
single f-CNTs
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&

active GNPs

@ Springer

(d)1/1> GNPS/f-CNTs = 1/4 (e) 1/4 > GNPs/f-CNTs

W

actlve f-CNTs

well as shown in Fig. 7a. This is attributed to the intercala-
tion of f-CNTs between the GNP stacks. With the exfolia-
tion of GNPs, the dispersion changed from Fig. 10a to b.
The looser-dispersed and well-connected GNPs not only

(b) GNPs/f-CNTs > 4/1 (c)4/1 > GNPs/f-CNTs > 1/1
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Fig. 11 SEM images of the cross section of the ternary PMMA/GNP/
f-CNT composite films at 0.005 filler loading: a GNPs/f-CNTs=4/1;
b GNPs/f-CNTs=2/1; ¢ GNPs/f-CNTs=1/1; d GNPs/f-CNTs=1/4

increased the conductive pathways, but also remain the
high conductivity by GNP-GNP connection.

II: 4/1 > GNPs/f-CNTs > 1/1, log op did not rise further
with the f-CNTs increasing, it dropped back to or even
lower than the value of PMMA/GNPs. The correspond-
ing microstructural conductive networks might be: GNPs
gradually lost contact with each other and connected with
some f-CNT clusters instead to form the conductive net-
works (Fig. 10c). Therefore, the log o, decreased due to
the lower conductivity of f~-CNTs.

III: 1/1 > GNPs/f-CNTs > 1/4, if the volume fraction of
f-CNTs increased while that of GNPs kept a constant, the
near-vertical contour lines in this region just revealed that

the log op almost kept a constant. The structural transfor-
mation can be seen from Fig. 10c to d. Additional f-CNTs
did not play a role in the charge transport, as shown by the
inactive f-CNTs.

IV: 1/4 > GNPs/f-CNTs, the ternary CPCs exhib-
ited a similar conductivity to the binary PMMA/f-CNT
composite at the same total filler concentration, e.g., the
almost horizontal in this region. This could be illustrated
by Fig. 10e; the inactive GNPs did not connect with the
f-CNT conductive networks; thus, this small number of
GNPs did not contribute to the conductivity of ternary
composites, either. The representative of the morpholo-
gies of ternary CPCs in each region is shown in Fig. 11,
which are also in agreement with the schematic diagram
in Fig. 10b—e, while Fig. 10a and f are corresponding to
the morphologies of binary CPCs as shown in Fig. 2d and
e, respectively.

3.5 Conductivity anisotropy

As discussed above, the synergies in the in-plane and per-
pendicular direction of CPC films were mainly determined
by the total filler volume fraction and volume ratio between
the two fillers, respectively. Moreover, due to the significant
difference in the measuring distances of the two directions
and that in the conductivities of f-CNTs and CNTs, the two
kinds of ternary CPCs showed different levels of enhance-
ment of log ¢, and log o,. The conductivity anisotropy at
various ratios of the filler volume fractions was thus inves-
tigated as shown in Fig. 12. The conductivity anisotropy
was defined as the ratio of the in-plane conductivity to per-
pendicular conductivity, as given by the following equation:
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Fig. 12 Conductivity anisotropy of composite films as a function of total filler volume fraction: a PMMA/GNP/f-CNT composite and b PMMA/

GNP/CNT composite
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Anisotropy = o,/0p 3)

In Fig. 12a, PMMA comprising single GNPs or f-CNTs
showed an anisotropy of 10-100, indicating the influence
of the single filler in the both directions. Interestingly, the
CPCs filled with hybrid GNPs/f-CNTs showed a wide span
of anisotropy almost from 0.01 to 1000 when the ratio of
GNPs/f-CNTs decreased from 4/1 to 1/4. As discussed
before, the log o, of ternary CPCs almost kept a value close
to that of PMMA/f-CNTs regardless of the filler ratio, while
the log op decreased with the ratio of GNPs/f-CNTs decreas-
ing. The result gives a new revelation of tuning the electrical
conductivity anisotropy: hybridizing two conductive fillers
of different conductivities but similar anisotropy: one of
which dominates the in-plane conductivity while the other
dominates the perpendicular conductivity. With the varia-
tion of filler ratio and content, various conductive structures
could be constructed. The wide range of anisotropy also con-
cludes 1, e.g., isotropic conductive composite. Compared to
PMMA/{f-CNTs or PMMA/GNPs, PMMA/CNTs exhibited
a higher anisotropy as shown in Fig. 12b. The anisotropy
of ternary PMMA/GNP/CNT composite was between the
two corresponding binary CPCs and increased with the
ratio of GNPs/CNTs decreasing. It reveals another strategy
of the tunable anisotropy: combining two conductive fillers
of close conductivities but different anisotropy, anisotropy
between two single filler systems could be obtained. Over-
all, the anisotropy of all CPCs increased with the total filler
content, which might be attributed to the increase in filler
orientation in the in-plane direction [62, 63].

4 Conclusions

Pristine CNTs and functionalized CNTs (f-CNTs) were
respectively added into the PMMA/GNP composites, and
their synergistic effects on the electrical properties were
investigated. By establishing efficient 3-D interconnected
conductive paths in the ternary composite, synergies in both
the in-plane and perpendicular direction were achieved. In
the in-plane direction, due to the lower conductivity but bet-
ter dispersion of the f-CNTs relative to the CNTs, PMMA/
GNP/f-CNT composite showed synergy behaviors below a
filler fraction of 0.01, while PMMA/GNPs/CNTs showed syn-
ergistic effects beyond this filler loading. In the perpendicular
direction, the synergy behaviors of both ternary composites
were more dependent on the filler ratios, a schematic diagram
of the evolution of the 3-D conductive pathways of PMMA/
GNP/f-CNT composite at different GNP/f-CNT ratios was
presented to explain their contribution to the charge trans-
port. Moreover, the conductivity anisotropy can be tailored by
constructing different conductive structures at different filler
loadings or ratios. In this work, an anisotropy was achieved of

@ Springer

approximately from 0.01 to 1000 and 10 to 1000 in PMMA/
GNP/f-CNT and PMMA/GNP/CNT composite, respectively.
The results open up a new way to design promising highly
anisotropic or isotropic CPCs.
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