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We present the direct synthesis of graphene as well as carbon nanotube within the vertically-aligned
carbon nanotube (VACNT) forests to form either the 3D CNT-graphene or 3D CNT-CNT network by means
of chemical vapor deposition (CVD). The multi-dimensional material assembly process is achieved by
the electroplating of a thin nickel layer around the individual CNTs followed by a second CVD process
for the synthesis of graphene or CNTs branching out of the original VACNT, respectively. The com-
binations of large surface areas (graphene and CNT), high electrochemical reactions sites (graphene),

g}gng:vapor deposition and metal particles as pseudocapacitor materials improve the electrochemical capacitance. Compared
Graphene with as-grown CNT forests, the capacitance of 3D CNT/graphene networks increases 16 times to ~20
Vertical aligned carbon nanotubes F/cm? and 3D CNT/CNT networks increase 25 times to ~30 F/cm?. A flexible supercapacitor based on
(VACNTs) the CNT/CNT forest electrode is demonstrated to achieve 90 % retention of its original capacitance after

Supercapacitors
Electroplating

10,000 charging-discharging cycles.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Highly conductive vertically-aligned carbon nanotube (VACNT)
forests possessing enormous large surface areas can be further
functionalized with various active materials [1,2] as platforms
for many electrochemical applications, including catalysts, hydro-
gen evolution reactions, and energy storages [3,4]. For example,
supercapacitors with both high power density and energy den-
sity [1,5,6] have been broadly studied as promising energy storage
devices to replace batteries, including the usages of VACNT forests
as the key platform [7-9]. Recent studies have demonstrated
enhanced energy density of VACNT forests by the coating of pseudo-
capacitance materials [10], such as conductive polymer [11], nickel
particles [12], Manganese oxides [13] and Ruthenium dioxide
[2,12,14]. In general, as grown VACNT forests are porous with more
than 90 % of empty spaces [15]. The typical lateral conductivity of
VACNT is low as the electron pathways in the lateral direction of
the CNT network is less as compared to that of its longitude direc-
tion [16]. Branding and decorating the original CNT network with
carbon materials including CNT and graphene [17,18] will greatly
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increase the electron pathway and further increase the surface
related double layer capacitance [19].

Here, we demonstrate the feasibility of using a second chemical
vapor deposition process after the growth of VACNT to construct
CNT-graphene and CNT-CNT networks within the original VACNT
forests. Nickel can serve as the catalyst in both the graphene
and second CNT growth processes and it can also contribute
as the pseudo-capacitance in hybrid supercapacitors. Such CNT-
nickel-graphene and CNT-nickel-CNT networks greatly increase
the surface areas and the cross-connections of VACNT forests
for better electrical conductivity. Previously, several groups have
demonstrated the assembly of CNT and graphene networks by: (1)
physically mixing of graphene and CNT in solutions; (2) reducing
graphene oxide to graphene in the mixture of CNT solutions [20,21];
and (3) growing CNT on multilayer graphene films by microwave
plasma enhanced chemical vapor deposition technique and their
field emission properties [22,23]. None of the above methods could
enable the in-situ CNT/graphene grafting, while they could intro-
duce damages to the electrode structures. Here, a second CVD
process is conducted after the deposition of the nickel catalysts
conformally and uniformly in the VACNT forests. Either graphene
or CNT can be synthesized depending on the growth conditions
and the resulting nanostructures show enhanced energy density
for supercapacitors.
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Fig. 1. Schematic diagram showing the chemical vapor deposition process of the 3D graphene/CNT networks. (a) VACNT forest is grown on the Si/SiO, substrate with a
metal conductive layer at the bottom using ion as the catalyst; (b) uniform coating of nickel onto individual CNTs by electroplating; (c¢) CVD of graphene on CNT/Ni at 800 °C
with Hj:CoHy flowing at 50:5 sccm. Nickel droplets are formed due to the high temperature process and aggregated together; (d) CVD of second CNT structures with nickel
particles as the catalysts within the VACNT forest at 720 °C with H,:C,Hy4 flowing at 500:50 sccm.

The two-step CVD process is illustrated in Fig. 1: a) multiwall
carbon nanotube (MWCNT) forests are synthesized by chemical
vapor deposition; b) nickel is coaxially coated onto CNTs by elec-
troplating, and a second CVD process is executed to grow CNT or
graphene within the VACNT forests. It is found that temperature
and gas flow in the second CVD process greatly affects the growth
results to be discussed later. The application of graphene/CNT
networks as electrodes for supercapacitors, including a flexible
supercapacitor package with a solid-state electrolyte, have been
successfully demonstrated. Experimental results show a prototype
supercapacitor can preserve its energy storage performance under
mechanical bending of 90 degrees to retain >90 % of its storage
capacity after 10,000 charging-discharging cycles. As such, the 3D
graphene/CNT networks presented in this work could be extended
to energy storage and many other applications in the field of elec-
trochemical reactions, such as electrodes for sensors and energy
storage devices.

2. Experimental
2.1. Synthesis of vertical aligned CNT forest

Multiwall carbon nanotube in the form of VACNT forest is
synthesized on the Si/SiO, substrate with e-beam depositions of
Mo/Al/Fe (50 nm/10 nm/5 nm) as the conducting/catalyst bottom
layer. E-beam deposition is performed in order of Mo-Al-Fe, with a
deposition rate of 1 A/min. In the CVD process, a quartz tube fur-
nace is programmed to ramp up to 720 °C within 30 min with 40
sccm of Hy flowing continuously. The furnace is then maintained
at 720 °C for 20 min. with H,:Cy,H,4 flowing at 611:90 sccm. After
the process, the quartz tube is pulled out and cooled down in the
open air.

2.2. Coating of the nickel layer onto CNT forest by electroplating

Nickel is conformally deposited onto VACNT using electrochem-
ical plating. NiSO4 with cyanide as the stabilizer is used as the
aqueous electrolyte. Before electroplating, a vacuum is first per-
formed to remove air and force electrolyte (to be added later)
to penetrate the VACNT forest. A direct DC current density of 10
mA/cm? is used with the VACNT forest as the cathode. VACNT
coated with nickel is dried in air for 24 h without heating or vacuum
to maintain the vertically aligned structure.

2.3. Second chemical vapor deposition to grow graphene/CNT

A second CVD is performed with two gases, Hy and CyHy. In
the CVD process, a quartz tube furnace is programmed to ramp
up to with a rate of 20 °C/min with 40 sccm of H, flowing con-
tinuously. Ethylene is added when the temperature reaches the
set reaction temperature. The flow rate of H,:C,H,4 is tuned to the
reaction recipe - 500:50 sccm for graphene and 50:5 sccm for CNT,
respectively. The reaction time is set for 10 min., setting tempera-
tureat720°C,760°C, and 800 °C. After the CVD process, all gases are
turned off and the furnace is cooled down to ambient temperature.

2.4. Imaging and other characterizations of the materials

SEM images and TEM images are taken by LEO 1550 and Tecnai
12 TEM. Cross-sectional SEM samples are prepared by breaking the
samples after putting them in liquid nitrogen for 30 s. TEM sam-
ples are prepared by scratching the material from the substrate
and dispersing them in ethanol and dropped onto TEM copper grid
(Quantifoil). Raman spectrum is obtained using Renishaw InVia,
with 633 nm laser.

2.5. Electrochemistry tests

Electrochemical tests of the fabricated electrodes are performed
by an electrochemical workstation (Gamry 600, PHE 200). Capaci-
tance is tested using the Cyclic Voltammetry mode and 1 Mol/L KOH
aqueous solution is used as the electrolyte. The three-electrode cell
configuration is set up using potassium as the counter electrode,
fabricated 3D nanostructure electrode as the working electrode,
and Ag/AgCl as the reference electrode. The working electrode is
constructed as 1 cm x 0.5 cm in size for evaluations. Various scan-
ning rates of 10, 20, 50, and 100 mV/s are tested.

2.6. Flexible CNT/CNT supercapacitor assembly and testing

The CNT + Ni + CNT film is peeled off using the Kapton tape and
cutinto 1 cm x 1 cm pieces. It is first dipped into pure H3PO,4 for
120 s to activate the surface for better wettability. The electrolyte
is made of the H3PO4/PVA/H,0 mixture with a mass ratio of 1:1:8
under continuously stirring for 1 hat 80 °C. About 100 .l of the elec-
trolyte is applied to the individual electrode and dried for 15 min.
When the electrolyte is almost dried, two electrodes are pressed
and dried together to complete the assembly process and the elec-
trolyte in between the two electrodes is also utilized as a separator.
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Fig. 2. (a)vertical aligned carbon nanotube (VACNT), inset: close-up view of VACNT. (b) After coating of a 30 nm-thick nickel on individual CNTs by the electroplating process.
(c) and (d) TEM images for (a) and (b), respectively. (e) The diameter of the CNT coated with electroplated nickel layer vs the electroplating time. (f) SEM of CNT electroplated

with nickel for a different time. The numbers on Fig. 2f are presented in Fig. 2e.

The packaged supercapacitor is tested at different bending angles
(30°, 60°, and 90°) with a scanning rate of 200 mV/s. A packaged
symmetric supercapacitor is tested for 10,000 cyclic voltammetry
cycles at the 2 V/s scan rate.

3. Results and discussion

In the first CVD process, 20 p.m long vertical aligned CNT forest
is grown using a well-developed recipe [24] (Fig. 2a). The as-grown
CNT has the diameter of around 20 nm (Fig. 2b). TEM images imply
that the CNTs should be multiwall as the wall thickness is around
2-5nm [25]. Fig. 2c and d show ~15 nm-thick nickel film is coated
coaxially onto the individual CNT after 2 min. of the electroplat-
ing process. The diameter of coated CNT increases linearly with
respect to the electroplating time as plotted in Fig. 2e in the first
8 min. of the electroplating process with a slope of a roughly 7.5
nm/min rate. SEM and TEM images both prove the uniformity of
the nickel coating process (Fig. 2f). As-grown CNTs are vertically
aligned in as shown in Fig. 2a and the CNTs are connected with
each other by physically twisting and knitting as can be seen in the
inset of Fig. 2a to form electrical pathways. The nickel electroplat-
ing process can uniformly deposit a thin nickel layer around the
CNTs (Fig. 2b) to increase the conductivity of VACNT forest as the
measured sheet resistance decreases from the original VACNT at
~100 €2/0 to nickel-coated VACNT at ~80 2/01.

In the second CVD process, both graphene and CNT have been
synthesized onto the VACNT forest depending on the process tem-
perature and gas flow conditions. For the graphene flakes (Figures
3a&b), the process temperature is 800 °C with Hy:C;Hy4 flowing at
50:5 sccm using the nickel particles as the catalysts. The thin nickel
film can melt and deform during the high temperature process due
to the melting temperature depression effect for nanostructures.
Melting temperature decreases with the critical size of nanostruc-
ture, which is the thickness of nickel film. The characterizations
of synthesized graphene sheet are validated by Raman Spectrum
analysis as shown in Figure 3c. The decreases of Ip and increases

of Ig and Ip peaks after the graphene synthesis process imply the
graphene formation. Furthermore, the ratio of I / Ip is about 0.5
~1.0 and this could suggest that the as-grown graphene flake has
the structure of double layer [26]. Graphene flakes can connect
laterally with the carbon nanotubes to increase the surface areas
and electron pathways. As shown in Fig. 4, the sheet resistance of
graphene flakes decorated CNT forest is further decreased to 70
/0 from the nickel coated VACNT at 80 €2/

For the synthesis of the second coating of CNTs onto the VACNT
forest, the process temperature is set at 700 °C with H,:C;Hy4 flow-
ing at 500:50 sccm using the nickel particles as the catalysts. Fig. 3d
and e show the SEM images of the synthesis results with more
CNT “branches” growing out of the VACNT forest. Diameters of
newly-grown CNTs vary widely from 10 nm to 100 nm due to
the non-uniform aggregations of nickel particles. In the first CVD
process to grow vertical aligned carbon nanotube, the thin cata-
lyst layer dewet uniformly and induce uniform distribution of CNT
diameter. Meanwhile during the second the CVD process, the elec-
troplated nickel will deform to non-uniform structures. As such the
synthesized CNT has wide distribution of diameter. After the pro-
cess, the sheet resistance is further reduced to 50 £2/sq. The Raman
Spectrum analyses in Fig. 3f show no obvious changes in the 2D
peak and the G/2D ratio, implying similar characteristics of multi-
wall CNTs before and after the synthesis process. The slightly split
of the G peak in Fig. 3f is probably due to the defective graphite-like
structure in the thick wall CNTs [27]. The G’ peak split from G peak
corresponds to the transverse wave (TO) mode perpendicular to the
axis. The frequency of G peak appears near 1600 cm~! regardless of
the diameter of the carbon nanotube, while the frequency of the G-
peak changes in inverse proportion to the square of the diameter.

The growth processes of Graphene and CNT strongly depend on
the synthesis parameters such as temperature and gas flow rates
with experimental details summarized in Table 1. It is observed
that high partial pressure of C;H4 and H, is in favor of the growth
of CNTs [28,29]. On the other hand, high temperature is in favor
of the growth of graphene due to more effective pyrolysis process
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Fig. 3. CVD graphene synthesized on nickel-coated VACNT forest: (a) SEM image; (b) enlarge view of (a) showing a possible graphene sheet wrapping Ni/NiOx nanoparticles
as highlighted in the red boundary; (c) Raman spectrum showing decrease in the D peak and increase in 2D peak with the low ratio of I/l p as the evidence of graphene.
Second CVD CNT synthesized on nickel-coated VACNT forest (d) SEM image of CNTs growing on the VACNT forest; (e) close-up view SEM image; (f) Raman spectrum showing
similar characteristics before and after the second CVD CNT growth process; (g) (h) Transmission electron microscopy (TEM) image of (e). (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article).

Table 1
Summary of the second CVD process, and the sheet resistance changes.
TemPERature °C Flow Rate (sccm)CyHg:Ha CVD Product
800 5:50 graphene
760 5:50 graphene
720 5:50 Amorphous Carbon
800 50:500 CNT
760 50:500 CNT
720 50:500 CNT

[30]. Both the syntheses of graphene and CNT are based on the
carbon absorption and segregation process [31]. The pressure is
remained at atmosphere pressure, while high partial gas pressure
is in favor of the synthesis of CNTs as more carbon atoms are avail-
able in the process. As such CNT is branched onto the original CNT
structure using 50:500 sccm of C;Hy4:H, [32,33]. Furthermore, if
the temperature is set at 720 °C with low gas pressure (Hy:CoHy
=50:5 sccm), amorphous carbon is the product due to the incom-
plete pyrolysis of ethylene as previously reported [34]. In other CVD
technique such as Microwave Plasma-enhanced Chemical Vapor
Deposition (MWCVD), the synthesized carbon nanostructure also
highly depends on the plasma parameters beside temperature and
gas which is simplified in a ambient pressure CVD as presented in
this paper [32].

For practical application, the synthesized CNT/Ni/Graphene and
CNT/Ni/CNT networks are tested as the supercapacitor electrodes
in Fig. 5a and b. In both cases, nickel can be oxidized in the
process to nickel oxide and to work as the pseudo-capacitance
material with the charge transfer from Ni2* to Ni3* as demon-
strated previously [12]. Results show that both newly synthesized

100 -

80

o

40}

Sheet Resistance

CNT CNT-Ni CNT-graphene CNT-CNT

Fig. 4. Sheet resistance of CNT, CNT-Ni, CNT-graphene, and CNT-CNT.

networks of CNT/Ni/Graphene and CNT/Ni/CNT structure have a
specific capacitance of 25.1 m F/cm?2 and 34.2 m F/cm? or about
2.24 and 3.19 times higher capacitance, respectively, as compared
with electrodes made of CNT/Ni forests. When compared with
original CNT forests (1.56 m F/cm?), the CNT/Ni/Graphene and
CNT/Ni/CNT networks show 16.1 and 25.5 times higher capaci-
tance, respectively. Considering the averaged VACNT thickness is
~10.8 pm, the volumetric capacitance of CNT/Ni/Graphene and
CNT/Ni/CNT supercapacitors are ~20 F/cm? and ~30 F/cm?, respec-
tively. The CNT/Ni/CNT network shows better synchronization of
current as the current increase in the CNT/Ni/Graphene network is
only obvious near the 0.2 V mark probably due to the redox peak
of nickel-nickel. It is believed that the CNT/Ni/CNT network has
larger surface area than the CNT/Ni/Graphene network to result
in higher double layer capacitance while the latter network has
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Fig. 5. (a) Cyclic voltammetry characterizations of CNT (blue), CNT/nickel (black), and CNT/Ni/Graphene network (red). (b) Cyclic voltammetry characterizations of CNT
(blue), CNT/nickel (black) and CNT/Ni/CNT network (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article).

stronger nickel-nickel pseudocapacitance. The second CVD process
significantly promotes the surface related double layer capacitance
over the Ni/NiOyx pseudocapacitance. The asymmetry redox peak
around 0.2 V is not shown in the cyclic voltammetry test since the
scan range is not negative enough for water splitting [35].

Results from the electrochemical tests reveal that the
CNT/Ni/CNT network has the better performance. As such, a flex-
ible supercapacitor [36] package has been constructed based on
the CNT/Ni/CNT networks. The Kapton tape is used to peel off the
CNT/Ni/CNT forest (top in Fig. 6a), a 25 wm-thick stainless steel
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mechanical supporter is glued at the back side (middle figure in
Fig. 5a). An electrolyte made of 1:1:8 H3PO4/PVA/H,O0 is selected
as both the solid-state electrolyte and separator [37]. Packaged
supercapacitors are tested under different bending angles from
30 to 90 degrees, as shown in Fig. 6b. Results in Fig. 6¢c shows
the coherent cyclic voltammetry results under different bending
angles with little changes. Using a scanning rate of 200 mV/s, the
flexible supercapacitor shows a projection capacitance of ~10 m
F/cmZ. The low ion mobility in the solid-state electrolyte and high
electrolyte-electrode resistance result in low specific capacitance.
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Fig. 6. (a) and (b)Packaging of flexible supercapacitor based on two CNT/Ni/CNT electrodes and H3PO4/PVA solid-state electrolyte. The Kapton tape is used to peel off the
CNT/Ni/CNT film from the SOI wafer, and a stainless steel is taped at the back side as both charge collector and mechanical supporter. (¢) Cyclic Voltammetry of flexible
supercapacitor under different angles, with a scanning rate of 200 mV/s. (d) 10,000 cycles CV test of the same supercapacitor in (c), using a scanning rate of 2 V/s. Inset:

impedance measurement of the CNT/Ni/CNT electrode.
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The prototype package also causes the low specific volume capaci-
tance which can be improved by thinning the packaging substrate.
The cyclic CV tests in Fig. 6d for over 10,000 cycles show good sta-
bility with an over 90 % retention. Also shown in the inset of Fig. 6d
is the impedance measurement of the CNT/Ni/CNT electrode with
low AC resistance.

4. Conclusions

In this paper, we first design and demonstrate a two-step
CVD process to fabricate CNT-graphene and CNT-CNT 3D matrix
electrodes which are used in supercapacitors. The second CVD pro-
cess directly synthesizes graphene and CNT onto the pre-grown
VACNT forests, which not only increase the active surface area
but also improve the electrical conductivity. The capacitance of
CNT/Ni/CNT network increases 16 times and the capacitance of
the CNT/Ni/Graphene network increases 25 times as compared
with that of as-grown VACNT (without nickel coating). Such hybrid
CNT/Ni/CNT and CNT/Ni/Graphene networks not only modify the
electrical conductivity but also have increased surface areas for
potential versatile applications.
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