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Graphene and carbon nanotubes/fibers (CNT/CNF) hybrid structures are emerging
as frontier materials for high-efficiency electronics, energy storage, thermoelectric,
and sensing applications owing to the utilization of extraordinary electrical and
physical properties of both nanocarbon materials. Recent advances show a
successful improvement in the structure and surface area of layered graphene by
incorporating another dimension and structural form—three-dimensional graphene
(BDG). In this study, vertically aligned CNFs were grown using plasma enhanced
chemical vapor deposition on a relatively new form of compressed 3DG. The latter
was synthesized using a conventional thermal chemical vapor deposition. The
resulting free-standing hybrid material is in-situ N doped during synthesis by
ammonia plasma and is produced in the form of a hybrid paper. Characterization
of this material was done using electrochemical and spectroscopic measurements.
The N doped hybrid showed relatively higher surface area and improved areal
current density in electrochemical measurements than compressed pristine 3DG,

which makes it a potential candidate for use as an electrode material for
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1 | INTRODUCTION

Plasma enhanced chemical vapor deposition (PECVD) has proved to
be a crucial technique for synthesizing carbon-based materials like
carbon nanofibers (CNFs),! carbon nanotubes (CNTs)? graphene,®
carbon nanowalls,* and diamond.> High-mobility graphene on
copper foil has been synthesized at temperatures below 420°C
using PECVD.® This synthesis approach, besides having advantages
like low-temperature growth and vertical alignment of nanostruc-
tures, also offers good quality and adhesion of carbon structures
to the substrates.” Various substrates have been used for vertically
aligned CNT (VACNTSs) and CNFs growth like metals? silicon,” and
quartz.*® Direct PECVD growth of vertically oriented graphene on
Au interdigitated field-effect transistor biosensor has also been
reported.' The hybrid growth of CNT-graphene is an area of

greater interest as in that case, utilization of extraordinary electrical

supercapacitors, sensors, and electrochemical batteries.

CNF, CNT, CVD, graphene, N doping, plasma

and mechanical properties of both carbon nanomaterials becomes
possible. As an attempt at synthesizing carbon nanomaterial hybrids,
the growth of CNT on graphene and graphene on CNT, both have
been reported. The growth of graphene on the tips of CNT has
been done successfully in a one-step process by Choi et al.l?
Another study was reported by our group which involved the
growth of mushroom gills-like graphene flakes on top of CNT
arrays.13 The other configuration, ie, CNT on graphene has been
explored by Zhao et al,'* Kim et al,®®> and others. Most of these
studies focus on thermal CVD of CNTs on graphene. Apart from
the CVD stacking method, CNT-graphene hybrid films made by
blown bubble method have been reported by Wu et al.'® The
nature of bonding between graphene and CNT has been confirmed
to be covalent by scanning transmission electron microscopic
studies.’” This has further led to an increasing interest in the high
strength graphene and CNT hybrid structures.
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Over the years, the structure of graphene has evolved, and
attempts to increase the surface area of multilayer and single layer
graphene have led to the synthesis of three-dimensional graphene
3D graphene (3DG). The 3DG form has good conductivity, lightweight,
stable, and scalable structure. Multiple ways of making 3DG have been

reported. Cao et al*®

reported the use of Ni foam to grow 3DG foam-
like structure. Our group in the past used Ni powder to synthesize
3DG pellets and graphene paper'??° Another interesting way of
making a 3DG structure was reported by Huczko et al?* by
combustion of magnesium/calcium oxalates. A bottom-up approach
like self-assembly has also been employed for synthesis of 3DG.?2
The 3DG-CNT hybrid in the form of aerogel has also been reported
for use in Li-Se batteries.?®> Some general drawbacks of above
reported 3DG structures include low conductivity, less purity, unstable
structure, and difficulties in scaling up. In this study, a different
method of synthesizing 3DG is illustrated, which uses a combination
of polymer and nickel powder in a solvent to form a catalyst slurry.
The conductivity of this type of 3DG obtained is higher as compared
with 3DG foam.2* The conductivity of the as-grown 3DG can be
altered by compression using a roller press or hydraulic press. This also
makes the as-grown 3DG denser and in the form of a sheet which can
be used as a base electrode or substrate for hybridization with
other materials.

Here, in this study, the “as grown” 3DG was compressed by a
roller press and made into a square sheet. The conductivity of 3DG
increased many folds after compression. This compressed and highly
conductive 3DG was chosen as the substrate for the growth of verti-
cally aligned CNF (VACNF) using PECVD. Use of PECVD is a perfect
means of in-situ N doping of carbon nanostructures during synthesis.
There are numerous benefits of having N doped carbon nanostruc-
tures.?> N doping of graphene has been reported to enhance

¢ sensing efficiency,?” and chemical activity?® in the

capacitance,2
carbon structure. Doping of graphene using ammonia plasma has even
been reported to shift its valence band by 0.2 eV.?” Plasma treatment
has also been shown to have some beneficial effects on structure and
morphology like an increase in the surface area of carbon nanostruc-
tures.®° Usually, the CNTs synthesized using PECVD are thicker in
diameter (60-200 nm) and are more commonly referred to as CNFs.
These CNFs can be used for different electrochemical applications just
like thermal grown CNTs. A review of growth, properties, and applica-
tion of CNFs can be found here®! After examining the individual
properties of VACNFs and 3DG, it can be envisioned that the PECVD
growth of VACNF on 3DG is expected to result in an efficient hybrid
carbon structure.

The surface morphology and the internal structural properties of
the N doped VACNF-3DG hybrid material have been investigated
using scanning electron microscopy and Raman spectroscopy respec-
tively. The species in plasma were in situ monitored using optical emis-
sion spectroscopy (OES). The hydrophilicity of the pristine 3DG and
hybrid structure was evaluated by contact angle measurements. Since
ammonia plasma was used during VACNF growth, the resultant
structure is doped with nitrogen which was proved by X-ray
photoelectron spectroscopy (XPS). The electrochemical response of
the material was also tested against pristine 3DG using cyclic

voltammetry. This novel free-standing hybrid structure synthesized

S
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using a combination of thermal and plasma CVD described in our
study illustrates the benefit of both carbon nanomaterials, as well as
N doping. The cyclic voltammetry data indicates that the N doped
hybrid structure exhibited better areal current density than com-
pressed pristine 3DG and could potentially be used as an electrode

for electrochemical sensors, batteries, and supercapacitors.

2 | EXPERIMENTAL

2.1 | Materials and methods

The synthesis of a relatively new form of low-cost 3DG was accom-
plished using conventional thermal CVD using nickel powder and poly-
mer binder slurry cast into a sheet as catalyst and methane as the
carbon source. This has been described in detail in our previous publi-
cation.® The resulting 3DG is lightweight (0.78 mg/cm?) and has a
porous sheet-like structure. The “as grown” 3DG was ca. 163 um thick
after catalyst removal. The compression of 3DG was done to improve
electrical properties and to get uniform growth of CNFs. The catalyst-
free 3DG was dried in a vacuum oven, sandwiched between two
0.125 mm stainless steel foils. and compressed using a roller press
with an adjustable gap. This adjustable gap distance leads to different
thicknesses of 3DG which corresponded to different electrical con-
ductivities. Table S1 in the supplementary information show the vari-
ation of 3DG conductivity with thickness and adjustable gap distance
of the roller press. To get a thickness of about 5.5 um, the gap dis-
tance used was 0.25 mm. This led to 96.6% reduction in 3DG volume
and an increase in conductivity of 3DG from 20 to 760 S/cm. To make
the N doped hybrid structure, the paper-like 3DG was transferred on a
Si wafer using isopropanol for good adhesion and to prevent the pos-
sibility of being sucked by the vacuum pump during low-pressure
PECVD. A thin film of Ni (7 nm) was deposited on 3DG/Si by e-beam
evaporation. The growth of VACNFs on 3DG/Si was done using
AIXTRON Black Magic PECVD system. The growth was carried out
using acetylene (40 sccm) as a carbon source and ammonia (200 sccm)
as the reducing gas for 10 minutes. A plasma power of 100 W was
employed for the growth which was done at a relatively low temper-
ature of 600°C. The species in the plasma were monitored using
OES. The sample was collected after cooling the reactor to 150°C
and venting out the gases. The product N doped VACNF-3DG hybrid
material on the silicon wafer was peeled off carefully into a free-
standing structure for further characterization and analysis. The
detailed process schematic is shown in Figure 1. The resulting
structure is a hybrid sheet/paper with one side as N doped VACNF
and other as 3DG.

Scanning electron microscopy images were taken using FEI
SCIOS SEM. A Philips CM-20 was used for transmission electron
microscopic imaging. The samples were prepared by sonication of
dispersion on Cu grids with lacey carbon film. A Renishaw spectrom-
eter with 514-nm He-Ne laser, exposure time of 10 seconds, and
spot size of 1 pm? was used for RAMAN characterization. During
the PECVD deposition of VACNFs on 3DG, Ocean Optics HR
4000CG-UV-NIR with slit size of 10 um was used to monitor in situ

the species in ammonia and acetylene plasma. To improve the quality
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FIGURE 1 Schematic of the fabrication process for making N doped VACNF-3DG hybrid material

of the spectrum, a UV-VIS collimating lens was added to the fiber
optic cable. The water contact angle on the VACNF-3DG surface
was evaluated by a Model 590 Rame-hart Goniometer. For XPS, a
VG Thermo-Scientific ML 3000 UHV surface analysis system was
employed. The elemental peak deconvolution was done using
Shirley-type baseline and pure Gaussian landscape. The hybrid sam-
ple was treated with 3 M HCI before XPS measurements to remove
the Ni catalyst at the tips of VACNFs. The electrochemical studies
were conducted using GAMRY potentiostat and 1 M NaySO4 as
the electrolyte. The conductivity of 3DG and N doped hybrid was
measured using 873 Interface Module non-contact sheet resistance

meter by Delcom instruments.

3 | RESULT AND DISCUSSION

To understand the composition of direct current gas plasma during the
deposition of VACNFs on 3DG, OES was used as shown in Figure 2.
The gases in the reactor mainly consisted of acetylene (40 sccm) and
ammonia (200 sccm). Because of the higher flow rate, the OE spec-
trum was hugely dominated by ammonia OES peaks which included
the three lines from Balmer series of the hydrogen spectrum—H,
(656.3 nm), Hg (486 nm), and H,, (434 nm) lines. A peak belonging to
N-H was seen around 336 nm in the spectrum. The electronic transi-
tion assigned to this peak is [A%rt - X3 7]. A couple of peaks belonging
to second positive band N,* were seen around 391.1 (0,0), 317.0 (1,0),
and 357.6 (0,1) nm with vibrational transition given in brackets. The

electronic transition corresponding to this system is [C3m, - Bgng]33.

Two peaks contributing to carbon from acetylene were also noted
around 468 and 589.9 nm, which can be referred to as C, peaks.>*
These peaks represent species which are the building blocks of CNTs
and CNFs. Another peak belonging to CH species can be seen around
387 nm before the second positive N, band. Acetylene also could
have contributed to the three H peaks. From the OES spectrum, it
can be asserted that N doping of the hybrid structure was facilitated
by the generated N based species yielded by the ammonia gas during
the PECVD process.

The SEM image (Figure 3B) of compressed 3DG indicates
planar surface morphology as compared with uncompressed 3DG
(Figure S2). The VACNFs were approx. 10 um tall. The attachment
of VACNFs to 3DG is shown in the cross-section image (Figure 3
C). For comparison, SEM image of VACNFs deposited on uncom-
pressed 3DG has been shown in Figure S3. Clearly, the number
of VACNFs on compressed 3DG seemed to be higher as compared
with uncompressed 3DG. This is one of the motivations behind
using compressed 3DG, the other one being improved electrical
conductivity. Usually, an oxide buffer layer is used to prevent diffu-
sion of metal catalyst into the Si at high temperatures and plasma
conditions, but in this case, we use 3DG as the base substrate, so
we did not use any buffer layer making it pure carbon hybrid
structure. The TEM image (Figure 4) shows the VACNFs and 3DG
next to each other. It may be connected but it is speculative, and
more efforts are needed to zoom in the interface between the
3DG fragment and the VACNFs, which will require atomic
resolution TEM imaging. The diameter of the individual CNFs as
seen from Figure 4B is ca. 60 nm. The CNFs exhibit a typical
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FIGURE 2 Optical emission spectra for ammonia-acetylene plasma
bamboo-like structure with Ni catalyst particles encapsulated on to catalyst deposition which showed a very low-intensity D peak

their tips. Figure 5 reveals the RAMAN spectra for pristine 3DG with G/D ratio to be 14.2, which indicated low defect and high
and hybrid material. The spectrum for pristine 3DG was taken prior purity of 3DG.%> The first-order scattering graphitic peak G around

FIGURE 3 SEM images of: A, VACNFs; B, pristine 3DG; C, N doped VACNF-3DG hybrid cross section
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FIGURE 4 TEM images with different magnification: A, VACNF-3DG—scale bar 0.2 um; B, VACNFs—scale bar 50 nm
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FIGURE 5 RAMAN spectra for N doped hybrid and pristine 3DG
material

1580 cm™ was seen in the spectrum along with the overtone 2D
around 2700 cm . The deposition of CNFs on 3DG led to an
increase in D peak intensity around 1350 cm™! which represents
disorder in the previous graphene structure. Another reason for
high D peak could be attributed to the fact that the deposition
of VACNF was done using PECVD, which generally creates a lot
of radicals that affect the quality of carbon structure produced.3¢
The first-order G band around 1580 cm™?, which is indicative of
planar sp? vibrations, was seen after deposition of VACNF as well.
The RAMAN spectrum for the back side of the N doped hybrid
material was also taken, which looked like pristine 3DG (Figure
S4). This indicates that the resultant material has a hybrid structure
with one side as VACNF and another side as 3DG.

Carbon-based nanomaterials like graphene and CNTs are known
to absorb methylene blue (MB) because of their high surface area. This
can be used to qualitatively compare the surface areas of the carbon
nanomaterials by analyzing the change in absorbance intensity during
the UV-VIS spectroscopy.®”*® UV-VIS spectral analysis was done on

25.4-mm square samples of pristine 3DG and N doped VACNF-3DG
to ascertain if the hybrid material had a greater surface area than
the 3DG. Both the samples were soaked in 3 mL of a 5 mg/L MB
aqueous solution for 20 hours in the dark followed by the UV-VIS
measurements. From the UV-Vis spectrum in Figure 6, we observed
a decrease in the MB intensity (peaks located at 665 nm) for the N
doped VACNF-3DG sample compared with pristine 3DG. This indi-
cates more MB dye molecules were absorbed by the newly synthe-
sized hybrid material confirming the improved ion accessible surface
area after PECVD deposition of VACNF on 3DG.

The pristine 3DG measured 119.5° which dropped to 35.0° after
VACNF deposition using PECVD shown in Figure 7. This contact angle
was obtained a day after deposition. An attempt was made to measure
contact angle an hour after deposition, but the surface was quite hydro-
philic, so angle could not be well defined (Figure S5). Plasma treatment
of graphene has been reported to improve the hydrophilicity of the
material.>? The pristine 3DG was found to be hydrophobic, and after
VACNF deposition the N doped hybrid material became hydrophilic.

- MB
—— Pristine 3DG
N doped VACNF-3DG

Intensity

T T T T
400 500 600 700 800
Wavelength (nm)

FIGURE 6 UV-VIS absorption spectrum for N doped hybrid, pristine
3DG, and MB at 665 nm
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FIGURE 7 Water contact angle: A, pristine 3DG; B, N doped VACNF-3DG hybrid material

Hydrophilicity of electrode material is beneficial for electrochemical
device fabrication as it helps to improve the contact of the electrolyte
with the electrode, thus enhancing the electron transport.

N doping was indicated by 5.4% nitrogen incorporation in the
hybrid structure (Figure 8) as confirmed by XPS analysis. The
deconvolution of N1s showed primarily four types of N based func-
tional groups—pyridinic (398.4 eV), pyrrolic (399 eV), graphitic nitrogen
(401.3 eV), and oxidized N (403 eV). The formation of pyridinic and
graphitic N-type functional groups has been reported to improve the
supercapacitance and electrocatalytic properties of CNT/graphene.*®
42 N doped graphene has also been demonstrated to function as an
effective electrode for direct electron transfer in case of enzymatic
biosensors.?” In-situ N doping during deposition of CNT using ammonia
has been reported previously by Misra et al.*® In this study, in-situ N
doping during PECVD of VACNFs was used. When VACNFs are
deposited using hydrogen instead of ammonia, the resulting VACNFs
exhibit p-type majority charge carriers due to excess oxygen
impurities.** The addition of N via plasma doping can change the p-type

carbon material to n-type, which can be used to obtain negative

Seebeck coefficients from carbon-based materials.*> Thus, it can be
concluded that N doped carbon structures offer appreciable
advantages over their non-doped counterparts.

The electrochemical response of the hybrid material was compared
with pristine 3DG using cyclic voltammetry. Different scan rates (25,
50,125,150, 250, 500 mV/s) were tested, and it was found that N doped
hybrid material exhibited much higher current density in comparison to
pristine 3DG (Figure 9). Nyquist plot for N doped hybrid material is
shown in Figure Sé. Here, two factors contributed towards the higher
current density—N doping (Figure S7) and addition of VACNF to 3DG.
The N doped hybrid exhibits a higher surface area which also leads to
increased penetration of the electrolyte in the hybrid structure, thus
resulting in a superior electrochemical response. The conductivity mea-
surements were also made for N doped hybrid material, and it was found
that the conductivity increased to 964 S/cm after plasma enhanced
deposition process. This is well in agreement with the electrochemical
data. Finally, it can be stated that the synthesized novel N doped hybrid
material is a better choice for electrodes than pristine 3DG for different

electrochemical applications like sensors, supercapacitors, and batteries.
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FIGURE 8 XPS spectrum for N doped VACNF-3DG hybrid: A, overall survey; B, N1s deconvolution spectra
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4 | CONCLUSION

A lightweight, N doped, three-dimensional VACNF-graphene hybrid
structure was fabricated using a combination of thermal CVD and
PECVD. The N doping of the hybrid material was proved by XPS.
The OES was used to analyze the N-based species during PECVD,
which went into the hybrid material to make it N doped. The increase
in the surface area of 3DG after the deposition of VACNF material
was evaluated qualitatively by UV-VIS spectroscopy. The current den-
sity for the hybrid material was much higher than compressed, pristine
3DG, which speaks for its potential of being used as electrodes for
highly efficient energy storage devices and sensors. The free-standing
nature of the material and the possibility of its scale-up make it more
convenient for device fabrication. Further studies may include coating
the hybrid structure with pseudocapacitive materials like polyaniline
and manganese dioxide to further enhance the electrochemical
response and fabricating energy storage devices using the N doped
hybrid material as electrodes.
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