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ABSTRACT Graphene was grown directly on porous nickel films, followed by
the growth of controlled lengths of vertical carbon nanotube (CNT) forests that
seamlessly emanate from the graphene surface. The metal—graphene—(CNT

structure is used to directly fabricate field-emitter devices and double-layer
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interfacial contacts and volume utilization, can stimulate the development of several energy-efficient technologies.
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arbon nanotubes (CNTs) grown di-
rectly on bulk metal substrates' >
used in several applications elimi-
nate the need for post-transfer processes,
but they suffer from inadequate CNT—
metal-electrode contacts and low-surface-
area-utilization efficiency. The use of gra-
phene could bridge this gap and serve as
an interfacial layer between metal and CNTs
and enable new three-dimensional (3D) struc-
tures with better performance metrics. Here
we report the direct growth of graphene on
porous nickel films followed by the growth of
controlled lengths of vertical CNT forests that
seamlessly emanate from the graphene sur-
face using our recently developed process®
to form 3D hybrid structures. The metal—
graphene—CNT structure is used directly to
fabricate field-emitter devices and double-
layer capacitors, demonstrating much im-
proved performance over previously de-
signed planar CNT—bulk metal structures.*®
The 3D nanostructured hybrid materials with
better interfacial contacts and volume utiliza-
tion can stimulate the development of several
energy-efficient technologies.
Over the past decade, carbon nanotubes
have been used in applications ranging
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from electronics to biotechnology.*” " In

some devices, such as field-emitters and
capacitors, the growth of the CNTs directly
on the metal surfaces would eliminate
further transfer process steps and improve
the contact between the CNTs and the
metal substrate. Recently, the techniques
for directly growing CNTs on bulk metals
have been developed and improved.'—®
However, most present systems have inade-
quate CNT—metal interfacial contact and
are inefficient in the surface area coverage.
In this work, we present the direct growth
of 3D CNT—graphene seamless hybrids on
porous nickel substrates, where graphene
serves as a linking agent between the
CNT—metal interfaces so that the electrical
power is used efficiently. In addition, the use
of porous nickel films improves the surface-
area-utilization efficiency of the metal
substrates. In this research, the CNT—
graphene—porous nickel structure has been
used to fabricate field-emitter devices and
double-layer capacitors without any post-
transfer process being needed.

Figure 1 shows the procedures for the
growth of CNT—graphene hybrids on porous
nickel substrates. The porous nickel substrate
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Figure 1. Scheme for the synthesis of CNT forests on graphene—porous nickel. (a) The porous nickel substrate. (b) Few-layer
graphene is formed on the porous nickel by a CVD method. (c) Fe and Al,03 are sequentially deposited on the graphene using
e-beam evaporation. (d) A CNT forest is directly grown from the graphene surface while lifting the Fe/Al,Oj3 catalyst layer.

used in this research is a foam-like 1.2 mm thick nickel
film, a widely used commercial battery material (Figure
S1). Although the entire procedure can be done using a
single layer of graphene? in the optimal procedure
here for devices, few-layer graphene was grown on the
porous nickel films using a chemical vapor deposition
(CVD) method.'® The obtained graphene was charac-
terized by Raman spectroscopy and transmission elec-
tron microscopy (TEM, Figure S2), demonstrating the
few-layered structure and the high crystallinity'® =23 of
the graphene. A 1.5 nm thick layer of catalytic Fe
was deposited on the surface of the graphene using
e-beam evaporation, followed by the deposition of
a 10 nm thick Al,O; as the buffer layer to ensure
the catalytic activity of the Fe. Ethylene was used as
the carbon source to grow CNTs at 750 °C. Water
was also introduced during the CNT-growth process
to remove amorphous carbon. Recently, other proto-
cols have been published that combine CNTs and
graphene.**~%” However, using this protocol, the CNT
forests raise the Fe/Al,Os catalyst layer during the
growth process while the vertically grown CNTs connect
to the graphene layer through covalent bonds, leading
to seamless high-quality CNT—graphene—metal inter-
faces® The Fe/Al,O; catalyst layer was deposited on
both sides of the porous nickel films to increase the
amount of CNTs attached to the substrates.

RESULTS AND DISCUSSION

Figure 2a shows optical images of porous nickel,
graphene—porous nickel, and CNT—graphene—
porous nickel, respectively. Scanning electron micro-
scopy (SEM) images of CNTs grown on graphene—
porous nickel are shown in Figure 2b—e. Figure 2b
and c are the overviews of the as-grown 3D material,
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demonstrating an interconnected network structure.
The surface region of Figure 2d is the Fe/Al,O3 catalyst
layer that was lifted off during the growth of CNTs.
Figure 2e shows the CNT—graphene interface, which is
also an enlarged view of the CNT forests. The high-
resolution transmission electron microscopy (HRTEM)
image in Figure 2f indicates that most of the as-grown
CNTs are single-walled, double-walled, or triple-walled,
and the diameters are between 3 and 7 nm. The high
degree of crystallinity of the CNTs was verified by
Raman spectroscopy™*?® in Figure 2g, showing a strong
G peak at ~1580 cm™ " and a 2D peak at ~2620 cm ™.
The G/D ratio of the CNTs is ~3:1, suggesting the
presence of few defects. The defects in CNTs are mainly
sp> carbon atoms, which were introduced during
the growth process and can be evaluated by the
D peak.?® The G peak arises from sp? carbon atoms
in CNTs. Thus, comparing the ratio of intensities be-
tween the graphitic G peak and the defect-induced
D peak is an efficient way to evaluate the quality of
carbon nanotubes.?® The strong radial breathing
mode (RBM) signals in the inset of Figure 2g suggest
that the diameters of the CNTs are small,® corre-
sponding to the HRTEM observation. The 3D hybrid
material is hydrophobic; the measured water con-
tact angle was ~135°. After etching and removal of
the porous nickel films using a mixture of HCl and
FeCls;, free-standing 3D CNT—graphene networks
were obtained (Figure S3). The thickness of the sample
decreased to ~0.8 mm from ~1.2 mm after the etching
step. The CNTs bundled together due to the solvent-
induced bundling effect (Figure S3b—d).?° Throughout
the etching process, CNTs were not washed away.
This further confirmed that the CNTs were chemically
attached to graphene. Ohmic contact at the junction
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Figure 2. Characterization of CNT—graphene hybrids synthesized on porous nickel films. (a) Photographs of porous nickel,
graphene—porous nickel, and CNT—graphene—porous nickel (from left to right). (b—e) SEM images of the same samples.
The samples were synthesized using 1.5 nm Fe/10 nm Al,Os as the catalyst, and the growth time was 10 min. (d) Side view
of the CNT—catalyst interface, showing that the catalyst layer was raised up during the growth of CNTs. (e) Side view of
CNT—graphene interface. (f) TEM images of the CNTs indicating the number of tube layers. (g) Raman spectra of the obtained
CNTs under 633 nm excitation wavelengths. Inset: Spectra of the radial breathing modes (RBMs). (h—j) SEM images
of obtained CNTs at different growth times. The samples were grown using 1.5 nm Fe/10 nm Al,O; as the catalyst. The
length of CNTs can be adjusted from ~3 um to ~250 um by changing growth time.

of the CNTs and graphene was observed,® suggesting
a high-quality CNT—graphene interface. However, in
most of the recently reported CNT—graphene hybrids, >
the CNTs and graphene are physically combined and
the poor junctions limit their potential applications
in electronics and optics. Figure S4 shows the electrical
properties of CNT—graphene hybrids. This identical
electrical response from CNTs or graphene to the metal
electrode indicates isotropic electrical properties.
The effects of the catalyst thickness and graphene
on CNT growth were studied. For a convenient com-
parison, similar growth conditions were used to
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prepare the four samples shown in Figure S5a—d.
Figure S5a—c are the SEM images of the samples
grown on graphene—porous nickel films, separately
using 0.5 nm Fe/3 nm Al;,03, 1 nm Fe/3 nm Al,Os, and
1.5 nm Fe/10 nm Al,Os as the catalysts. Few CNTs were
observed when the 0.5 nm thick Fe layer was used as
the catalyst (Figure S5a). This is due to the rapid
deactivation of the catalyst layer.3> The problem was
solved by increasing the thickness of the Fe layer from
0.5 nm to 1 nm (Figure S5b). However, when using
1 nm thick Fe as the catalyst, CNTs became bent during
the growth process due to the instability of the Al,O5
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catalyst layer. For well-aligned growth of CNTs on
graphene—porous nickel, the optimized catalyst thickness
was 1.5 nm thick Fe with 10 nm thick Al,O3 (Figure S5c).
Figure S5d shows that it was difficult to grow the CNTs
directly on the porous nickel without the graphene
layer. Without graphene as the buffer layer on the
nickel, the thin catalyst layer would likely deactivate
due to alloying with nickel.

For some applications, the properties of the devices
are closely related to the length of the CNTs. In this
research, the CNT length can be controllably adjusted
from 3 to 250 um by changing the growth time
(Figure 2h—j and Figure S6). Figure 2h—j show the
SEM images of the obtained samples after separately
growingfor 1, 5,or 10 min using 1.5 nm Fe/10 nm Al,O3
as the catalysts. Figure 2h and Figure S6a,b show that
the CNTs rapidly grow to ~3 umin 1 min. After 5and 10
min growth, the lengths of the CNTs were ~15 and
~35 um, respectively (Figure 2i and j). If the growth
time was further extended to 30 min, ~120 um length
CNTs were obtained (Figure S6c¢,d). However, during a
30 min growth, the catalyst layer broke and CNTs were
bent due to losing support from the Al,O3 layer. After
60 min growth, the catalyst was still active and the
length of obtained CNTs was ~250 um (Figure Sée). If
the growth time was extended to 120 min, no obvious
change in CNT length was observed and much amor-
phous carbon was produced (Figure S6f). Apparently
after 60 min of growth, the catalyst layer lost activity
and the carbon sources were mainly transformed into
amorphous carbon.

CNTs are known for their applications in field-
emission devices.*>” '3 In this research, we used the
CNT—graphene—porous nickel to fabricate field-emis-
sion devices without needing any etching or post-
transfer processing. As shown in Figure 3a, porous
nickel serves as the cathode, graphene serves as the
linking surface, CNTs are the field-emission emitters,
and indium tin oxide (ITO)-coated glass is used as the
anode. Figure 3b shows the test setup, and the inset in
Figure 3b is an optical image of a field-emission device.
Figure 3c presents the emission current density as
a function of applied voltage in three different devices,
S1 (CNT, 60 min), S2 (CNT, 5 min), and S3 (CNT, 2 min),
which are, respectively, made using CNTs obtained
after 60, 5, and 2 min of growth. The related lengths
of CNTs are ~250, ~15, and ~7 um. From Figure 3c,
both the emission current density and the turn-on field
are strongly affected by the CNT lengths. The device
fabricated using 60 min of CNT growth had the best
field-emission properties, the lowest turn-on field, and
the highest emission current. The turn-on field for
S1 (CNT, 60 min), measured at a current density of
0.01 mA/cm?, is 0.26 V/um, one of the lowest values
reported.*>”~'* For the same device, the current
density at a field of 0.87 V/um is 12.67 mA/cm?,
one of the highest reported values, to date.*>”~'3
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Figure 3. Field-emission characteristics of the CNT—gra-
phene—porous nickel electrodes. (a) Schematic illustration
of the field-emission setup. (b) Test setup for the field-
emission devices. The inset in the upper right is the photo-
graph of an emitting device. (c) Variation of the emission
current density as a function of the applied field for S1 (CNT,
60 min), S2 (CNT, 5 min), and S3 (CNT, 2 min). The inset
is the enlarged data, from which the turn-on fields
are determined at the current density of 0.01 mA/cm?.
(d) Fowler—Nordheim plots obtained for S1 (CNT, 60 min),
S2 (CNT, 5 min), and S3 (CNT, 2 min).

Fowler—Nordheim plots are shown in Figure 3d.
At least two distinct slopes are observed in the plots,
often seen in carbon nanotubes and attributed to a
non-metal-like emission process from discrete energy
states.” The corresponding field-enhancement factors
(B) were estimated for high operation conditions
from Fowler—Nordheim plots (Figure 3d), ranging from
2700 to 7200.

The emission properties are also related to the
number of CNTs attached to the porous nickel through
the graphene. When CNTs were grown on only one
side of the porous nickel instead of both sides, the
as-made device demonstrated poorer field-emission
properties (sample CNT—graphene—porous nickel,
blue curves in Figure S7) as compared to those of
the device made by growing CNTs on both sides of
the porous nickel (sample S2, CNT, 5 min, red curves in
Figure 3c). The growth conditions for these two sam-
ples were the same. Surprisingly, pristine porous nickel
also showed some field-emission responses (black
curves in Figure S7). Nickel nanowires are known for
their field-emission properties;** hence, porous nickel
surface protrusions may be the source of the field
emission. After coating the porous nickel with gra-
phene, better field-emission properties were observed
(red curves in Figure S7). However, the contributions of
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Figure 4. Double-layer capacitor performances of the devices fabricated using CNT—graphene—porous nickel. (a) CV curves
for different scan rates. The rectangular shapes indicate the capacitive behavior. (b) Nyquist plot, showing the imaginary part
versus the real part ofimpedance. Inset shows the data at high-frequency ranges. (c) Galvanostatic charge/discharge curves of
CNT—graphene—porous nickel-based double-layer capacitor measured in the 6 M KOH electrolyte under different constant
currents. (d) Various specific capacitance versus discharging current density. The device was made by 2 min growth CNTs on

graphene—porous nickel.

the porous nickel and the graphene to the field-emis-
sion response of CNT—graphene—porous nickel sam-
ples are almost negligible in the applied field regime of
the field-emission test here. Hence the CNT—graphene—
metal hybrid is indeed unique in its functionality.

To demonstrate the high quality of the CNT—
graphene—porous nickel contact interface, the capaci-
tive properties were measured (Figure 4). Porous nickel
was used as the current collector to fabricate an electro-
chemical double-layer capacitor (EDLC) without the
need of any post-transfer or postetching processes.
Aqueous KOH (6 M) was used as the electrolyte in the
measurements. Figure 4 demonstrates that the EDLC
made by this CNT—graphene—porous nickel structure
exhibited excellent double-layer electrochemical per-
formance and high rate performance. Figure 4a shows
the cyclic voltammograms (CVs) of the EDLC at different
scan rates. With an increase in scan rate, the current
response increased accordingly, without any significant
changes in the shape of the CV curve, indicating a
good rate performance. The rectangular and symmetric
shape of the CVs was also observed at high scan rates
of 500 mV/s, supporting the suggestion of low con-
tact resistance for the CNT—graphene—porous nickel
interface, 343

Figure 4b is the Nyquist plot based on a frequency
response analysis of the frequency range from 1 MHz
to 10 mHz. The Nyquist plot is almost a vertical line,
indicating a nearly ideal capacitive behavior of the
EDLC.The insetin Figure 4b is the magnified data in the
high-frequency range, and the obvious transition
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between the semicircle and the migration of elec-
trolyte corresponds to a resistance of 1.25 Q. Figure 4c
shows the galvanostatic charge—discharge curves at
four different current densities. The specific capacitance
was calculated from the discharge curves with values of
104,99, 101, and 100 F/g obtained at current densities of
0.2,0.33,0.67,and 1.00 A/g, respectively (Figure 4d). The
almost constant specific capacitance as the scan rate
increased up to 1.00 A/g indicates the high diffusion
conductivity of the active material and the electrolyte.
Meanwhile, the calculated value is about 5 times higher
than that of the EDLC fabricated by directly growing
CNTs on Inconel without graphene as the linking
surface” and is also comparable with the best recently
reported values of the EDLC made with graphene
oxide 36738

In this research, we demonstrated the applications
of pristine CNT—graphene—porous nickel in field-
emission emitters and supercapacitors. If additives
could be further introduced into graphene and CNTs
during the growth process, such as by nitrogen doping,
the doped hybrid material should also have potential
applications in fuel cells and lithium batteries.3%°

CONCLUSION

In conclusion, we have shown the controlled growth
of 3D CNT—graphene seamless hybrids on porous
nickel substrates. This metal—graphene—nanotube
structure overcomes several obstacles that previously
hindered the further applications of CNTs, includ-
ing inadequate CNT—metal—electrode contact, low
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surface-area-utilization efficacy of bulk metals, and
post-transfer difficulties. High-performance field-

METHODS

Synthesis of 3D (NT—Graphene Hybrids on Porous Nickel. The
porous nickel was received from Heze Tianyu Technology
Development Company. The thickness was 1.2 mm, and
the areal density was 320 g/m?. Graphene was grown using
the recently reported chemical vapor deposition method.'® The
catalyst (1.5 nm Fe) and buffer layer (10 nm Al,O3) were
deposited in series on the graphene-covered porous nickel
by e-beam evaporation. The growth of the CNTs was done
at atmospheric pressure. The flow rates of ethylene, hydrogen,
and argon were 100, 400, and 500 sccm, respectively. Hydrogen
was used as the carrier gas to introduce water vapor into the
system at a hydrogen flow rate of 10 sccm.*' The assembled
sample was annealed in the furnace under the same environ-
ment at 750 °C for 3 min before the carbon source was
introduced. The growth time depended on the CNT forest
height that was sought. Typically, a 10 min growth produced
a CNT forest with a height of ~35 um. The deposited Al,Os is an
amorphous thin film. Thus, ethylene could diffuse through
Al,O5 to contact Fe. At the beginning of CNT growth, Fe partially
etched graphene under the hydrogen atmosphere and high
temperature,*? introducing some defects in the graphene film
and then leading to the seamless growth of CNTs emanating
from graphene.

Field-Emission Characterizations. Field-emission response of
the samples was characterized in a custom-developed system,
at a vacuum level of 1077 Torr. Test setup for all the samples
consisted of a parallel plate diode configuration, where CNT—
graphene—porous nickel samples were made as the cathode
and a flattened pure Cu sheet (99.99% purity and 0.6 mm thick)
was used as the anode. The Cu sheet used as the anode was
rectangular and twice the size of the cathode to ensure that all
emitted electrons are collected by the anode. The distance
between the anode and the top surface of the CNT—graphene—
porous nickel substrate was 650 um. Direct current voltage and
current measurements involved a Keithley 248 high-voltage
supply and 2010 digital multimeter, respectively. Field-emission
tests in pulsed mode were conducted using an Agilent func-
tion generator (model 33220A) to generate an electrical field,
attached to a Trek high-voltage amplifier (model 20/20C),
and the current was measured through a Pearson current
monitor (model 4100, having 1.0 V/A), coupled with an Agilent
oscilloscope (model MSO6034A). A sine-wave function was
applied through the function generator, and the frequency
of the pulsed signal was kept constant at 1 kHz for all the tests.
While capturing emission images from the devices, a green
phosphor-coated ITO glass replaced the flattened Cu sheet as
the anode.

Double-Layer Capacitor Characterizations. The capacitance mea-
surements were studied in a two-electrode system using 6 M
KOH solution as the electrolyte. The as-grown CNT—graphene—
porous nickel structure (1 x 1 cm) was directly tested as the
electrode. Galvanostatic charge—discharge measurements were
done using Arbin instruments BT2043. The cyclic voltammetry
and electrochemical impedance spectroscopy were done using
an Autolab workstation (PGSTAT302N). The equation C=2(//m) x
(dt/dV) was used to calculate the specific capacitance from the
slope of the charge—discharge curves (dV/dt), where [ is the
applied current and m is the mass of each electrode. The amount
of active materials was determined by measuring the masses of
hybrid materials before and after graphene and CNT growth
using a microbalance (CAHN, C-31).

Other Characterizations. The Raman spectra were recorded
with a Renishaw Raman REO1 scope using a 633 nm excitation
argon laser. SEM images were taken using a FEI Quanta 400
field-emission gun scanning electron microscope. TEM images
were taken using a 200 kV JEOL FE2100 transmission electron
microscope.
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emission and double-layer capacitor properties were
observed for these new 3D structures.
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