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Abstract

Graphene (G) and graphene oxide (GO)/carbon nanotubes (CNTs) hybrid films were
fabricated as high performance electrode materials by a simple water solution casting method
with different contents of single-wall CNT (SWCNT), multi wall CNT (MWCNT) and multi
wall CNT with hydroxyl group (MWCNT-OH). The films with MWCNTs showed a layered,
interconnected and well entangled structure at nano-scale. With increasing CNT contents, the
capacitance of the G/MWCNT and GO/MWCNT films raised almost linearly and their
resistance reduced. G/SWCNT and GO/SWCNT films did not form layered structures leading
to a very low capacitance. Nonlinear behaviour of the capacitance with voltage has been
observed in the G/MWCNT and GO/MWCNT hybrid films. The length and thickness of the
hybrid film have significant influences on the capacitance. The capacitance and conductivity
increase with increasing the thickness and decrease with increasing the length of the hybrid
films. For the application of graphene/CNT hybrid films as electrodes, these characters could

be taken into account.
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1. INTRODUCATION

Graphene based materials have been considered as the era subject in most of currently
researches since graphene discovery [1-6]. It plays an essential role beside the carbon
nanotubes (CNTs) in the nanomaterial’s world due to their outstanding mechanical, thermal,
optical and electrical properties [7—11], which make it suitable for wide applications such as
field-effect transistors [12], batteries [13], solar cells [14], fuel cells [15], actuators [16, 17],

and supercapacitors [18-21].

Recently, hybrid nanostructures have received a great deal of attention in different studies
which focused on graphene based material hybrid films. The functionalised hybrid material
can complement the deficiencies of pure graphene films [22-24]. Up to now, indium tin
oxide (ITO) has usually been used as a transparent electrode (TE) in solar cells, organic light
emitting diode panels and touch panels because of its high optical transparency and low sheet
resistance. However, sustainability and price concerns give the need to be replaced for new
transparent conductive materials with a high mechanical flexible material but low cost one
[25]. Thus, there are daily efforts to fabricate transparent, conductive and flexible graphene-
based material electrodes (TEs) and field effect transistors electrodes (FETs) [18-21, 26-40].
For example, graphene and silver or copper nanowire hybrid films [41-45] attracted
enormous interest to been investigated as possible replacements in particular transparent and
flexible electrodes [25, 40]. Xu et al. [46] reported the use of graphene/silver nanowire hybrid
films as electrodes for transparent and flexible acoustic device, in which the grain boundaries
in graphene are bridged by AgNWs and the empty spaces in AgNWs network are filled by
graphene. The presented properties are better than ITO with a sheet resistances as low as
16Q2/m and a high optical transparency of 91.1% at 550nm. It also showed excellent
mechanical flexibility and stability against thermal oxidation. Iskandar et al. [40] claimed
how reduced graphene oxide/copper nanowire hybrid films can be used as transparent
electrodes in Prussian blue based electrochromic apparatus. Their performance was with
improved adhesion, electrical conductivity, oxidation resistance and stability in harsh

environments which makes them better than the pure metal nanowires.

On the other hand, graphene and CNTs hybrid films have been developed with excellent
electronic properties to work as electrodes. Kim et al. [25] reported the high performance TEs
and FETs by using the single wall CNTs and graphene hybrid films. They have found that the

sheet resistance reached 300Q2/m with 96.4% transparency. Very recently, a simple and



practical solution-casting method has been used to prepare the graphene-based electrodes [22,

23,32, 34, 37, 47].

All studies have focused on the development of graphene/CNT hybrid films to make
excellent willing materials which are utilized in different electrical devices. However, the
influence of microstructure of the hybrid film on its electrical properties such as conductivity,
capacitance and the change of the values with frequency and voltage has never been reported.
For the applications of graphene based hybrid materials as electrodes or electrical devices,
perhaps, the influences could be important, which must be address clearly. In this study, the
electrical properties of the graphene/CNT hybrid films such as conductivity and specific
capacitance were assessed with changing voltage, frequency, the length and thickness of the
hybrid films, which will provide useful information about the electrical performance of

graphene-based hybrid films as electrodes.
2. EXPERIMENTAL DETAILS
2.1 Materials

Expandable graphite (EG), which is the natural flake graphite that was treated chemically
with sulphuric acid to be expandable, was purchased from China Qing Dao Graphite
Company. Single-wailed carbon nanotubes (SWCNTs), and multi-walled CNTs (MWCNTs),
and MWCNTs-OH (with hydroxyl groups 3-5wt%) were purchased from Chengdu Institute

of Organic Chemistry, Chinese Academy of Sciences.
2.2 Preparation of graphene and graphene oxide

The graphene used was produced by mechnochemical method [48] from the expandable
graphite in the lab. The preparation of graphene is as follows. Expandable graphite was
mixed with powder melamine in volume ratios of 1:1. The mixture was dispensed into de-
ionised water to make a solution with a concentration of 1g/100ml. The solution was then
heated up to and kept at 80°C for 1 hour with constant stirring, to allow the melamine to fully
penetrate and expand the graphite galleries. After this, the solution was filtrated and dried at
80°C. The dried mixture then underwent ball-milling to initially exfoliate the graphite layers,
and then dispersed in de-ionised water and underwent further exfoliation with sonication for
1 hour (Fisher Scientific Sonic Dismembrator Model 500, 300 W). Hot water was used to

repeatedly wash the mixture to remove the melamine.



In order to prepare graphene oxide (GO) 2.5 g of the expandable was mixed with 57.5 ml of
concentrated H,SOy4 in an ice bath for 30 minutes (Hummer method [49]). In order to keep
the temperature of the mixture below 20°C, KMnQO,4 was added slowly to the mixture. Using a
water bath the mixture was then heated to 35 + 3°C with continuous stirring for 30 min. 115
ml of distilled water was added drop wise into the mixture which increased the temperature
of the mixture to 98°C. The mixture was stirred for 15 minutes at this temperature. Later 350
ml of distilled water and 25 ml of 30% H,0O, solution were added to terminate the oxidation
reaction. Graphite oxide (GO) was collected by filtering and was successively washed with 5%
HCI aqueous solution. HC1 washing was repeated three times until there was no sulphate
detected by BaCl2 solution. GO collected from the mixture was dried at 50°C in vacuum for

one week.
2.3 Preparation of graphene (G)/CNT) and graphene oxide (GO)/CNT hybrid thin films

G or GO/distilled water dispersion was obtained via ultrasonic treatment for 30 min at room
temperature. SWCNTs, or MWCNTS, or MWCNTs-OH was also dissolved in distilled water
by assistance of ultrasonication for the same time. Then the G or GO/distilled water
dispersion and SWCNTs, or MWCNTs, or MWCNTs-OH/distilled water dispersion were
mixed to make different concentrations by controlling the volume of G or GO. All the
mixtures were then treated by ultrasonic separately for another 30min. After this, each
mixture was dropped on a cover slip placed in a glass container. The hybrid thin films coated
on the cover slips were obtained after drying for 3 days (in vacuum oven for the 3™ day) at
40°C. The thickness of the films was controlled by the volume of the mixture dropped on the

cover slip.
2.4 Characterization

Field-emission gun scanning electron microscopy (FEGSEM) (LEO 1530VP instrument) was
used to observe the surface and cross-sectional morphology of the hybrid thin films.
Transmission electron microscopy (TEM) analysis was conducted using a JEOL 2100 FX
instrument. Programmable automatic RCL meter (Fluke PM6306) with SMD tweezers (Fluke
PM9540/TWE) was used to measure the resistance and capacitance of the hybrid films by
means of scanning voltage (50 mV to 2V) and frequency (50Hz to 100 kHz). Fluke PM6306
has four terminal sensing points that is used to amount the square resistance of a
semiconductor material. This can be done by separating the current and the voltage electrodes

which help to eliminate the contribution of wiring impedance and contacting resistance. As a
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constant current is passing through the outer probes, the voltage can be measured through the
inner probes. This allows to the electrical impedance measurement of the substrate R and
capacitance. Before this test, all the cover slips were painted by silver at two opposite edges
in order to get steady readings. The tweezers were just touching the two painted edges when

testing.

X-Ray photoelectron spectroscopy (XPS) analysis of MWCNT-OH and MWCNT films and
was performed on a VG ESCALAB 5 (VG Scientific Ltd., England) under 107 Torr vacuum
with a AlKa X-Ray source using power of 200 W.



3. RESULTS AND DISCUSSION

Figure 1 shows the cross section SEM images for GO/MWCNTs and GO/MWCNT-OH
hybrid films. These SEM images reveal the appearance of tilting layered structure in the thin
films. This layered structure is well-arranged in where insulated layers of graphene oxide are
filled with conductive CNT in between. It exhibits the information of the support of 2D
graphene oxide for MWCNT horizontally. Therefore, the film structure is conserved in a
large area. This large contact area between CNTs and GO (the insulators) could be able to

store quite a lot of charges in the conductor’s layers.

Figure 1: Cross section SEM images of the GO/CNT hybrid films. (a)GO(20wt%)/
MWCNTs (80wt%); (b) GO(40wt%) /MWCNTs (60wt%)); (c) GO(60wt%)/MWCNTs
(40wt%); (d)GO(80wt%)/ MWCNTs (20wt%); (e) GO (50wt%)/MWCNT-OH (50 wt%)

Figure 2 shows the SEM images of the surface of the GO/CNT hybrid films. The transparent
sheets covered a larger area in these films with increasing GO content which lead to a

percolated network. Unlike MWCNTs, Figure 2(f) shows that the networks are not noticeable



even with 60Wt% SWCNTs, which shows a poor percolated network due to the poor
dispersion of SWCNTs.
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Figure 2: SEM images of the surface of the hybrid films. (a) GO(20wt%)/MWCNTs
(80wt%); (b) GO(40wt%)/MWCNTs (60wt%); (c) GO(60wt%)/ MWCNTs (40wt%); (d)
GO(80wt%)/MWCNTs(20wt%); (e) Surface SEM image of GO(wt%)/MWCNT-OH
(50wt%); (f) GO(40wt%)/ SWCNTs (60wt%)

Figure 3 shows the SEM images of cross sectional area and the surface of G/CNT hybrid
films. The images reveal that the information obtained is similar to that of GO/MWCNT
hybrid thin films. However the layered structure in the G/MWCNT system is not well-formed
comparing with the GO/MWCNT films. Figure 3 (b-d) shows the surface images in which
darker opaque G sheets covered the CNTs in a small area even with 80wt % graphene. The

G/SWCNT film (Figure 3e), again, formed a very poor percolated network.
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Figure 3: SEM images of the surface of the hybrid films. (a) cross sectional area of G
(40wt%)/MWCNTs (60wt%) hybrid film; (b) surface of G(20wt%)/MWCNTs (80wt%); (c)
surface of G(60wt%)/MWCNTs (40wt%); (d) surface of G(80wt%)/MWCNTs (40wt%); and
(e) surface of G(40wt%)/SWCNTs (60wt%)

Figure 4 shows electrical conductivity against wt.% CNTs for G'MWCNT and GO/MWCNT
hybrid films. In the GO/MWCNT and GO/MWCNT-OH systems, there is a linear
relationship of electrical conductivity with CNT content. In the G/MWCNT and G/MWCNT-

OH systems, a nonlinear relationship of electrical conductivity with CNT content was found.
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Figure 4: Electrical conductivity versus wt% CNTs for (a) GO/CNT systems and (b) G/CNT

systems

Although both G-based MWCNTs and MWCNTs-OH hybrid films exhibit similar trends,
MWCNTs hybrid thin films show a higher conductivity than MWCNTs-OH. This can be
explained by changing the electronic property of CNT as a result of —OH group presence.
This group works as cavity or holes which prevent accumulation of charges by reducing the
area and so dropping the final specific capacity. The —OH groups affect the material
resistance as well as the percolated network. The —OH groups tend to decrease the overall
material conductivity by twisting the CNTs and could short the conjugated length. Figure 5
shows XPS results for MWCNTs and MWCNT-OH. The side group’s influence should be

taken into account in forming a better percolated network.
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Figure 5: XPS results for MWCNTs and MWCNT-OH

The G/MWCNT hybrid films have a much higher conductivity comparing with the
GO/MWCNT due to both G and CNT being conductive materials. However, the conductivity



of the hybrid films with SWCNTs in comparison to MWCNT systems is much lower due to
the poor dispersion of SWCNTs and non-layered structure. As well known, generally,
SWCNTs are bundled together and very difficult to form single SWCNT dispersion in
solution or in a matrix. Based on these results, it is believed that G/SWCNT or GO/SWCNT

systems are not suitable for development of high quality electrodes.

The capacitance with frequency for G and GO based hybrid films from 0 — 10000Hz at 2V
was also assessed. Generally, the capacitance was found to decrease down to zero at high
frequencies. The highest value of the capacitance was found at about 50 Hz. The capacitance
of both G and GO hybrid films decreases rapidly down to zero at about 2000 Hz. This could
be because the lower the frequency of the applied voltage, the more time the capacitor needs
to be a fully charged. Then it passes with a zero current state before the voltage reverses its
polarity and the capacitor start to discharge. When a higher frequency is applied, the
capacitor changes from charging to discharging sooner in its charge curve and it remains

further from its fully charged state.

The capacitance of the hybrid films against wt% CNTs at 50 Hz with 2V are shown in Figure
6. There is a linear relation of the maximal capacitance with wt% MWCNTs in the
GO/MWCNT. However, the value reaches to the highest at 40wt% MWCNTSs in the
G/MWCNT system and at 60wt% MWCNT in the G/MWCNT-OH system.
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Figure 6: Capacitance at 50Hz against wt% MWCNTs. (a) GO/MWCNT hybrid films and (b)
G/MWCNT hybrid films

Figures 7 and 8 show the plots of capacitance versus scanning voltage from 0 to 2V for
GO/MWCNT, GO/MWCNT-OH, GO/SWCNT, G/ MWCNT, G/MWCNT-OH, G/SWCNT
hybrid films with 60wt%CNTs, graphene, GO and MWCNT films, respectively at S0Hz.
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Figure 7: Plots of capacitance versus scanning voltage at 50Hz. (a) GO (40wt %)/MWCNT
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Results show a non-linear behaviour of the capacitance with voltage in all hybrid films. At
some voltages, the capacitance reaches to maximal values (peak) and at some voltages,
reaches to minimum values (valley).

It is clear the capacitance is quite dependent of the voltage loaded. It is possible that nano-
junctions formed between G or GO and CNTs when the content of carbon nanotubes was
high. The peak values of the capacitance appeared where the junctions are fully exerted at the
relevant voltages. The capacitance was found to be higher in G/CNT than in GO/CNT which
is not as expected. GO is an insular which can form a capacitor system with the conductive
CNT layers. Conversely, G is a conductive with another CNT conductive material could give
a very weak capacitor system. The unexpected results seem that the nanostructure could have
significant influences on its performance as electrodes. Generally, the change of the

capacitance with voltage indicates that the stability of the G/CNT and GO/CNT hybrid films

as electrodes is questionable.

Figure 9 shows the relation of the electrical conductivity and the maximal capacitance with
the length and thickness of the hybrid films measured at 50Hz and 0.3V. The results indicate
that the length and thickness of the hybrid film have significant influences on the capacitance.

The capacitance increases with increasing the thickness of the film and decreases with

increasing the length.
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The effect of length and thickness can be understood by considering layer structures formed
as illustrated as an equivalent capacitor circuit for the hybrid film. The stacked layers of the
film can be considered as arrangement of massive series circuits. Each layer consists of sub
capacitors that form a parallel circuit. The total capacitance will be calculated by summation
of all these parallel sub capacitors in the film first and then the series capacitor all over the
length. This can be expressed by the following equation.

1

Ct = 211(2111/(:
1]

)

C. is the total capacitance and Cj; is the ij'™ sub-capacitance. The experimental results are in a
good agreement with equation. High value of a total capacitance is always observed in a

thicker and shorter film when the length is fixed.

4. SUMMARY

Graphene (G) and graphene oxide (GO)/carbon nanotubes (CNTs) hybrid films were
fabricated as high performance electrode materials by a simple water solution casting method
with different contents of single-wall CNT (SWCNT), multi wall CNT (MWCNT) and multi
wall CNT with hydroxyl group (MWCNT-OH). The films with MWCNTs showed a layered,
interconnected and well entangled structure at nano-scale. With increasing CNT contents, the
capacitance of the G/MWCNT and GO/MWCNT films raised almost linearly and their
resistance reduced. G/SWCNT and GO/SWCNT films did not form layered structures leading
to a very low capacitance. Nonlinear behaviour of the capacitance with voltage has been
observed in the G/MWCNT and GO/MWCNT hybrid films. The results indicate that the
length and thickness of the hybrid film have significant influences on the capacitance and
conductivity. The capacitance and conductivity increases with increasing the thickness of the
film and decreases with increasing the length. For the application of graphene/CNT hybrid

films as electrodes, this character could be taken into account.
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