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Abstract

Stretchable electrodes are a critical component for flexible electronics such as displays, energy
devices, and wearable sensors. Carbon nanotubes (CNTs) and graphene have been considered
for flexible electrode applications, due to their mechanical strength, high carrier mobility, and
excellent thermal conductivity. Vertically aligned carbon nanotubes (VACNTS) provide the
possibility to serve as interconnects to graphene sheets as stretchable electrodes that could
maintain high electrical conductivity under large tensile strain. In this work, a graphene oxide
(GO)-VACNT hybrid on a PDMS substrate was demonstrated. Here, 50 yum long VACNTs were
grown on a Si/SiO, wafer substrate via atmospheric pressure chemical vapor deposition.
VACNTS were directly transferred by delamination from the Si/SiO, to a semi-cured PDMS
substrate, ensuring strong adhesion between VACNTs and PDMS upon full curing of the PDMS.
GO ink was then printed on the surface of the VACNT carpet and thermally reduced to reduced
graphene oxide (rGO). The sheet resistance of the rGO-VACNT hybrid was measured under
uniaxial tensile strains up to 300% applied to the substrate. Under applied strain, the rGO-
VACNT hybrid maintained a sheet resistant of 386 & 55 €)/sq. Cyclic stretching of the rGO-
VACNT hybrid was performed with up to 50 cycles at 100% maximum tensile strain, showing
no increase in sheet resistance. These results demonstrate promising performance of the rGO-
VACNT hybrid for flexible electronics applications.

Supplementary material for this article is available online

Keywords: flexible electronics, stretchable electrode, carbon nanotubes, graphene, graphene
oxide, vertically aligned carbon nanotubes

(Some figures may appear in colour only in the online journal)

1. Introduction as high conductivity, large surface area, large accessible pore
structure, and their chemical compatibility [1-4]. Based on
these properties, 3D carbon materials are being pursued as
high performance electrodes for supercapacitors or flexible
electronics [5—14]. Hierarchical porous materials especially

porous carbon materials with macropores and interconnected

Three-dimensional (3D) carbon structures have been inten-
sively investigated due to their advantageous properties such
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meso- and micropores are promising candidates as electrode
materials for sensors [15-18], batteries [19], supercapacitors
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Figure 1. Schematic of fabrication process of rGO-VACNT hybrid on PDMS substrates. (a) A VACNT carpet is grown on a Si/SiO,
substrate via APCVD. (b) The VACNT carpet is then slightly pressed onto the surface of semi-cured PDMS. (c) and (d) once the PDMS with
the embedded VACNTs is fully cured, the VACNT-PDMS layer is slowly peeled off from the original Si/SiO, substrate. (¢) GO is inkjet
printed on the top of VACNT carpet. (f) The tGO-VACNT hybrid is obtained with thermal reduction of the graphene oxide.

[20-22], and fuel cells [10]. Dual templating, a method where
two templates with dimensions at different scales are com-
bined, is widely used to fabricate hierarchical porous carbon
[4]. In addition, hierarchical porous carbon materials with
high surface area and pore volume have been produced with
ice templating, utilizing a colloidal silica hard template [4].
These hierarchical porous carbon materials are promising
candidates as electrode materials for an electric double layer
capacitor.

Vertically aligned carbon nanotubes (VACNTSs) have
been widely explored [1, 23-33], owing to their advantages of
a high degree of order, good controllability, and easy
manipulation [34]. VACNTS can be grown by chemical vapor
deposition (CVD) on substrates with pre-deposited catalysts
[1, 35]. In contrast to VACNTSs on insulating substrates, a
graphene-VACNT hybrid provides higher lateral electrical
conductivity across the hybrid sheet. To this end, VACNTSs
and graphene have been combined for constructing stretch-
able transparent conductors [11, 36, 37], electrode materials
for supercapacitors [38—41], Lithium-ion batteries [42], and
solar cells [26]. Unlike CVD growth of graphene for gra-
phene-VACNT hybrids, inkjet printing offers fast and low
cost fabrication of GO at room temperature (RT) on a large
area substrate using GO ink [43-45]. The GO ink can be
manufactured in bulk by exfoliating GO in water using
sonication, producing a printable GO water solution [46]. The
inkjet printed GO can be reduced into reduced graphene oxide
(rGO) after the removal of intercalated water molecules
and oxide groups including carboxyl, hydroxyl, and epoxy
groups.

A key challenge in fabricating graphene (or rGO)-
VACNT hybrids toward constructing stretchable electrodes
includes the need of transferring or directly synthesizing them
on a polymer-based flexible substrate. Due to the high
temperature growth conditions of VACNTS, synthesis of
VACNTs direct on a flexible substrate (e.g., CVD growth) is
generally not feasible. To this end, various transfer methods
have been developed to transfer the patterned CNT structures
to the target substrates [47—49]. For example, PECVD growth
of VACNTSs on flexible plastic substrates at relatively low
temperature (~250 °C) was reported; however, temperatures
above 250 °C led to brittleness of the polymer and substrate
curvature [50]. To avoid exposing polymer substrates to the
high temperature conditions required for CVD growth,
VACNTs were transferred from a Si substrate to a poly-
carbonate substrate [48]. Additionally, VACNT-polymer
hybrid architectures was prepared by impregnating VACNTSs
into a transparent PDMS film, showing conductance under
extreme tensile and compressive strains [49]. While these
reported methods demonstrate progress for stretchable elec-
trode applications, they either require high temperature pro-
cesses during transfer or result in infiltrated polymer
remaining within VACNT structures from the transfer
process.

Here, we report the fabrication and characterization of a
rGO-VACNT-PDMS hybrid structure as a stretchable elec-
trode. We transfer VACNTSs to PDMS substrates by placing
semi-cured PDMS atop as-grown VACNTs on Si/SiO, sub-
strates prior to fully curing the PDMS which ensures strong
adhesion of PDMS to the top portions of the VACNTs. We
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Figure 2. SEM images of (a) and (b) VACNTSs grown on SiO, substrates via APCVD (inset shows TEM image of multiwall CNTs with a
diameter of ~20 nm, with white dashed lines outlining the walls of the multiwall CNT for clarity), (c) and (d) VACNTs on a PDMS substrate
obtained by delaminating the VACNT-PDMS stack from the SiO, substrate after the top of VACNT carpet is bonded with a pre-cured

PDMS, (e) GO atop VACNTSs on a PDMS substrate by inkjet printing, (f) reduced GO on top of VACNTSs on PDMS substrate after thermal

reduction.

then delaminate VACNT-PDMS from the Si substrate from
which the VACNTSs were grown. GO is then inkjet printed on
the top of VACNTs on the PDMS substrate, followed by
thermal reduction, to create a rGO-VACNT hybrid. Sheet

resistance measurements under up to 300% applied uniaxial
tensile trains maintain a sheet resistance of 386 + 55 {/sq,
with cyclic stretching up to 50 cycles at 100% maximum
tensile strain indicate no increase in sheet resistance.
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Figure 3. Raman spectra of GO (top line), rGO (middle line), and
rGO-VACNT hybrid (bottom line) on PDMS substrates. The peak
locations of the Raman spectra are D Peak at 1338 cm ™!, G peak at
1574 cm™ !, and 2D peak at 2677 cm ™. The intensity ratios of the D
and G peaks (Ip/Ig) are 0.92 for GO and 1.13 for rGO, respectively.

2. Fabrication

A schematic of the fabrication process to create the rGO-
VACNT hybrid on PDMS substrates is shown in figure 1. A
VACNT carpet was grown on a Si/SiO, wafer substrate via
atmospheric pressure chemical vapor deposition (APCVD)
(Step 1). First, catalyst layers consisting of 5 nm of aluminum
(Al), acting as the supporting layer, and 3 nm of iron (Fe),
acting as the catalyst layer, were deposited on a Si/SiO,
wafer substrate using physical vapor deposition. The substrate
with catalyst layer was then placed in an APCVD chamber
and heated to 750 °C at a rate of 30 °C min~" with 500 sccm
Ar. VACNT growth was conducted at 750 °C for 15 min with
60 sccm H, and 100 sccm C,H,. The chamber was then
cooled down to RT at 30 °C min~ ' while keeping Ar flowing
at the same rate. The resulting VACNTSs with ~50 pum height
are shown in figure 2. Depending on the growth time, the
resulting VACNT carpet has a height ranging from a few
microns to more than 100 pm. While the CNTs look verti-
cally aligned at lower magnification, high magnification SEM
images (figure 2(b)) show that the CNTs entangle laterally,
providing mechanical and electrical interconnection. The
transmission electron microscope (TEM) image as an inset in
figure 2(b) shows that the VACNT carpet consists of multi-
wall CNTs. The average outer diameter of the CNTs is
approximately 20 nm, and the average spacing between the
CNTs is approximately 50 nm.

To transfer the VACNTs from the Si/SiO, wafer sub-
strate to a PDMS substrate (Step 2), a liquid mixture of
PDMS base and curing agent (Sylgard 184 Silicone Elasto-
mer, Dow Corning) with a ratio of 10:1 by weight were
thoroughly mixed and degassed under reduced pressure using
a vacuum pump. The liquid PDMS mixture was then placed
on a hot plate at 65 °C for 2 h (the normally required time for
full cure is ~4 h). The VACNT carpet on a Si/SiO, wafer
substrate was then flipped over and placed on top of the semi-

cured PDMS. At this stage, the semi-cured PDMS is rigid
enough to support the VACNT carpet on the Si/SiO, wafer
substrate, preventing it from being fully immersed into
PDMS. During this transfer, the surface of the semi-cured
PDMS strongly adheres to the tips of the VACNTS, which are
partially immersed into the semi-cured PDMS. The VACNT
carpet was then slightly pressed onto the surface of semi-
cured PDMS, making a VACNT-PDMS stack, which was
kept at RT for another 4 h to completely cure the PDMS. The
PDMS pre-curing step should be precisely controlled to
ensure the tip of the VACNT carpet bonds with the surface of
PDMS; insufficient pre-curing or over-curing of the PDMS
prior to this step results in an unsuccessful transfer process.
Specifically, without the pre-curing step, the liquid PDMS
completely fills the vacancy around VACNTSs when the liquid
PDMS mixture is poured onto the VACNTs. On the other
hand, if the PDMS is over pre-cured, then there is insufficient
bonding between the PDMS and VACNTS, resulting in partial
transfer of the VACNTSs from the as-grown Si/SiO, substrate
onto the PDMS substrate.

Delamination of the VACNTs from Si/SiO, substrate
(Step 3) is the final step of transferring the VACNTSs to
PDMS. Because of the strong adhesion between the PDMS
substrate and the VACNT carpet, the PDMS and VACNTSs
can be slowly peeled off from the original Si/SiO, substrate.
The delamination is possible when the adhesion force
between the PDMS and the VACNTSs is stronger than that
between the VACNTS and the Si/SiO, substrate. As shown in
figures 2(c) and (d) (Step 4), the VACNTSs were successfully
transferred from Si/SiO, to PDMS substrate without collap-
sing. The low magnification SEM image (figure 2(c)) shows a
uniformly transferred VACNT carpet on PDMS, with the
CNTs completely removed from the original Si/SiO, sub-
strate. High magnification SEM imaging (figure 2(d)) shows
that the CNTs were rooted in the PDMS, ensuring strong
adhesion between the VACNTSs and PDMS substrate.

After transferring as-grown VACNTSs from SiO, sub-
strate to PDMS, GO was printed on the top of VACNT carpet
using an inkjet printer (Step 5). First, GO ink was prepared by
dispersing commercial GO (Cheap Tubes Inc.) in water at
2mgml~'. The average dimensions of the GO flakes pro-
vided by the supplier was 500 nm x 500 nm x 0.8 nm. The
GO solution was sonicated for 15 min followed by filtering
with a 450 nm Millex syringe filter before loading into a print
head cartridge. A commercial Material Printer DMP 2800
inkjet printer (Fujifilm Dimatix) was used to print the GO ink
onto the VACNT on PDMS substrate through an array of
piezoelectric nozzles. The GO ink droplet produced a disk-
shaped GO dot on the substrate as a result of the droplet
hitting the substrate and spreading followed by the evapora-
tion of the solvent (water). The island formation largely
depends on the hydrophobicity of the printing surface, and
more pronounced island formation occurred on hydrophobic
surfaces. Thus, prior to the GO printing, VACNTs on PDMS
substrates was treated by oxygen plasma at 100 W for 30 s to
generate carbon oxide on the top of the VACNT carpet,
therefore making the surface more hydrophilic to assist with
the printing process. A thin layer (~100 nm) of GO film was
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Figure 4. (a)—(d) Top view SEM images of crack formation on the rGO layer of the rtGO-VACNT hybrid structure with various tensile strains

(0%—-40%) applied to the PDMS substrate.

then inkjet printed in a water solution onto the surface of
VACNT carpets to interconnect the VACNTSs on the topside
with graphene oxide (figure 2(e)).

To increase the conductivity of the GO, in Step 6 the GO-
VACNT sample was placed in a tube furnace (Microtherm
MT, Mellen) at 200 °C for 2 h with flowing nitrogen gas. The
thermal reduction process of GO has six important temper-
ature zones: RT—130°C, 130°C-180°C, 180 °C-600 °C,
800 °C-1000 °C, and 1000 °C-2000 °C [51]. Mild and drastic
vaporization of water occurs at the first two stages RT—
130 °C and 130 °C-180 °C. At the stage 180 °C-600 °C, the
removal of main oxide groups in GO effectively reduces the
GO into rGO [51]. Meanwhile, the curing temperature
strongly affects the mechanical properties of PDMS [52]. The
highest usage temperature of PDMS suggested by Dow
Corning is 200 °C, while the highest curing temperature of
PDMS is 150°C. The nitrogen gas protected the carbon
hybrid material from oxidization and helped to remove water
vapor molecules during the GO reduction process. After the
thermal reduction of GO at 200 °C for 2h, a rGO-VACNT

hybrid structure on a flexible PDMS substrate was fabricated
(figure 2(f)).

3. Characterization and discussion

The Raman spectra of the GO, rGO, and rGO-VACNT hybrid
on PDMS substrates are shown in figure 3. The Raman
measurements were taken with a Horiba Xplora system with
an Andor iDus 420 detector. The Raman spectra were
obtained using a 14 mW, 532 nm laser with a spot size of
3 pm, and taken multiple times on different spots of samples.
The Raman spectrum of GO (figure 3 (upper line)) shows a D
peak at 1338 cm ™', a G peak at 1574 cm ', and a 2D peak at
2677 cm™'. The prominent D peak is due to the attachment of
hydroxyl and epoxide groups on the carbon basal plane,
creating the structural imperfection [53]. The Raman spectra
of rGO (figure 3 (middle line)) and rGO-VACNT hybrid
(figure 3 (lower line)) show no obvious shift of the D and G
peaks. The intensity of the D band is related to the size of the
in-plane sp> domains; therefore the increase of the D peak
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Figure 5. SEM images of cracks in rGO-VACNT hybrid. (a) SEM image of rGO-VACNT hybrid at no tensile strain (45° titled view), (b)
SEM image of rGO-VACNT hybrid at no tensile strain (45° titled magnified view), (c) SEM image of rGO-VACNT hybrid with 10% applied
tensile strain (top view), and (d) SEM image of rGO-VACNT hybrid under 20% applied tensile strain, showing that the VACNTSs remain

interconnected (visible in the crack regions).

intensity indicates forming more sp”> domains [54]. The
intensity ratio of the D and G peaks (Ip/I) is widely used to
measure the efficiency of GO reduction. The intensity ratios
are 0.92 for GO and 1.13 for rGO, respectively. The intensity
ratio (Ip/Ig) of rGO is higher than that of GO, showing the
effective reduction to rGO during the thermal reduction pro-
cess. The Raman spectrum of rtGO and rGO-VACNT show a
more pronounced 2D peak than that of the GO, also indi-
cating effective thermal reduction. The widths of these 2D
bands are larger in comparison to monolayer graphene, which
suggests that multiple layers of the graphene sheets within
rGO and rGO-VACNT [55].

Figure 4 shows SEM images of the rGO-VACNT hybrid
on a PDMS substrate subject to 0%—40% tensile strain from
applied perpendicular to the VACNT forest. Cracks are
observed on the rGO layer for the as-fabricated hybrid even
without any strain applied to the sample. During the VACNT
transfer process and sample handling during GO printing
process, twisting, stretching, and bending of the flexible

PDMS substrate is inevitable, causing cracks on the rGO
layer. With increasing tensile strain applied to the sample, the
cracks perpendicular to the stretching direction expanded
gradually, while the cracks parallel to the stretching direction
appear to compress due to the Poisson effect.

Further examination of the cracks in the rGO film in the
rGO-VACNT hybrid is shown in figure 5, cracks are found in
the rGO film prior to the application of tensile strain to the
PDMS substrate. While handling the flexible PDMS sub-
strate, strain is inevitably applied on the rGO-VACNT,
causing cracks in the rGO film. SEM images of the 45° tilted
view in figures 5(a) and (b) clearly show cracks (rather than
crumpling) on the rGO film. In addition, high magnification
SEM images showing a top view of the crack area indicate
that the isolated rGO islands remain electrically inter-
connected with the CNTs underneath, when the rGO-VACNT
hybrid is subject to 10% and 20% applied tensile strains as
shown in figures 5(c) and (d). Magnified SEM images in
figure 2 show that CNTs are wavy and laterally
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Figure 6. (a) Sheet resistance of the tGO-VACNT hybrid on PDMS
and CVD grown graphene on PDMS under tensile strain. (b) Sheet
resistance of the rGO-VACNT hybrid on PDMS with cyclic loading
up to 100% strain.

interconnected. The wavy CNTs were found to stay inter-
connected during stretching. Figure 5(d) shows that the CNTs
stay connected under 20% tensile strain. The CNT network
remains laterally connected with applied tensile strain,
ensuring that the rGO-VACNT hybrid remains electrically
connected under large values of applied tensile strain.

The sheet resistance of rGO-VACNT hybrid was measured
using a four-point probe method by passing current / through
the outside two points of the probe from 1 to 100 mA and
measuring the voltage V across the two inside points of the
probe. The detailed setup can be found in previously published
work [6]. The four-point probe head (SP4-62045TBS, Lucas
Signatone Corp.) consists of four probes with 1.587 mm spacing
between adjacent probes. Because the rGO-VACNT hybrid
thickness is around 50 ym and the edges of the hybrid are over
four times the spacing distance of the probes, the sheet resistance
R, can be determined based on the simplified equation [56]

R, =453 -V/L
Because the spacing between the four-point probes is

much larger than the average size of the rGO cracks, the sheet
resistance of the rGO-VACNT hybrid is measured across

multiple rGO islands caused by strain (see figure 4) as shown
in figure 6. The rGO islands remain electrically inter-
connected due to the entangled VACNTSs underneath the rGO
islands as shown in figure 5. The sheet resistances of the rGO-
VACNT hybrid on the PDMS substrate under tensile strain
are shown in figure 6(a). As a control, the sheet resistance of
CVD grown graphene on PDMS (transferred with previously
reported PDMS transfer method) [6] is also shown in
figure 6(a). The sheet resistance of the rGO-VACNT hybrid
on PDMS shows consistent sheet resistance of 386 + 552/
sq, with up to 300% tensile strain until failure of the PDMS
substrate. For comparison, the sheet resistance of graphene on
PDMS which dramatically increases for applied tensile strains
much smaller than 10%. The sheet resistance measurement
shows consistent and low electrical resistivity of the rGO-
VACNT hybrid under up to 300% tensile strain.

Fatigue testing of the rGO-VACNT hybrid structure is
important for consideration as a component of future flexible
electronic devices, which would experience multiple bending
and stretching while in use. Cyclic testing of the rGO-
VACNT hybrid stretchable electrode is shown in figure 6(b).
The rGO-VACNT hybrid on PDMS substrate was manually
stretched up to 100% tensile strain (these samples were not
stretched to 300% to avoid potential damage to the PDMS
substrates) using the stretching stage shown in figure 7, and
then released to the original state with no strain applied. Sheet
resistances under tensile strain of 0%, 20%, 40%, 80%, and
100% were measured using four-point probe method at the
Ist, Sth, 10th, 30th, and 50th cycles. After 50 cycles
stretching to 100% tensile strain, the electrode does not show
any increase in sheet resistance, indicating its durability under
large applied tensile strain conditions.

Due to the measured performance of the rGO-VACNT
hybrid in terms of electrical conductivity, maximum strain,
and durability, the hybrid electrodes show promise for the use
in stretchable and flexible electronics. This is demonstrated
with a simple LED circuit shown in figure 7, where the LED
bulb and external power supply were electrically connected
by a rGO-VACNT hybrid electrode. The LED bulb showed
the same light intensity emission with maximum tensile train
of 100% applied to the rGO-VACNT hybrid stretchable
electrode.

4. Conclusions

In this work we have described the fabrication and char-
acterization of a highly stretchable and conductive rGO-
VACNT hybrid electrode. The unique fabrication processes
includes a direct delamination transfer method of the VACNT
from as grown rigid Si/SiO, substrates to flexible PDMS
substrates coupled with inkjet printing of GO atop VACNT
carpets, followed by thermal reduction of GO to rGO to
increase electrical conductivity. Characterization of the
manufactured rGO-VACNT demonstrates that the hybrid
exhibits consistent electrical resistance up to 300% tensile
strain, while multiple cyclic stretching tests of the hybrid
electrode up to 100% maximum tensile strain show no
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Figure 7. Digital images of the LED powered by an external power supply at consistent voltage with the stretchable electrode operating at
0%-100% tensile strain. (A video for this figure is available.)
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