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reduced-carbon-oxide nanowalls

Hyeokjoo Choi, a Seok Hun Kwon,a Hyunil Kang,a Jung Hyun Kimb

and Wonseok Choi*a

In this study, several characteristics of carbon oxide nanowalls (CONWs) and reduced-carbon-oxide

nanowalls (rCONWs) activated using plasma and thermochemistry were investigated. To become

modified CONW and rCONW, catalyst-free carbon nanowalls (CNWs) were grown on a silicon (Si) wafer

via microwave-plasma-enhanced chemical vapor deposition (MPECVD) with a mixture of hydrogen (H2)

and methane (CH4) gases. The CONW was modified by oxidizing a CNW on a Si wafer with plasma

treatment using oxygen (O2) plasma. Afterwards, the CONW was placed in a rapid-thermal-annealing

(RTA) chamber, and H2 gas was injected thereto; therefore, the CONW was reduced by H2 gas. The

surface properties of the CONW and rCONW were confirmed via scanning electron microscopy (SEM).

Raman spectroscopy was used for structural analysis, and the surface energy of each surface was

analyzed by operating the contact angle. The chemical characteristics were observed via X-ray

photoelectron spectroscopy (XPS). Hall measurements were applied to investigate the electrical

characteristics.
1 Introduction

Carbon has attracted attention for a long time, and many studies
for its application have been conducted.1–3 Graphite-related
materials like fullerene, graphene, and carbon nanotube can be
divided into classes based on their growth dimensions. Fullerene
can be distinguished as a 0-dimensional carbon nanomaterial,
carbon nanotube as a one-dimensional carbon nanomaterial,
and graphene as a two-dimensional carbon nanomaterial. The
material similar to these, carbon nanowall (CNW), is also a two-
dimensional graphite nanostructure that is wall-shaped, like
a vertically aligned graphene.4 Naturally, the advantages of this
vertically standing carbon nanostructure are a large reaction area
and remarkable electrical conductivity. Among these, the unri-
valed merit of CNWs is that they are catalyst-free, unlike other
carbon nanomaterials, which require a catalyst for the fabrica-
tion of graphene5 and carbon nanotubes.6CNWs can be grown on
diverse substrates through various chemical vapor deposition
(CVD) methods,7–9 and can even be grown via sputtering.10

CNWs with a wide reaction area can be used in many
applications. Having a large reaction area, however, does not
mean having high surface energy. In addition, even if the
surface energy is high, if the electrical characteristics are low
aer the reaction, applications like gas sensors and biosensors11
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will not be able to easily determine the accurate value due to
their low sensitivity. Therefore, surface-activated CNWs, which
have a large response area, high surface energy, and good
electrical properties, will be used in more applications.

In this study, to increase the surface energy of CNWs, carbon
oxide nanowalls (CONWs) were activated through oxidization, and
were modied to produce reduced-carbon-oxide nanowalls
(rCONWs). Microwave-plasma-enhanced chemical vapor deposi-
tion (MPECVD) is a method in which a gas composed of a desired
material in the reactor is decomposed through high plasma energy,
and the layers are stacked on the substrate. In addition, as high
plasma energy is used, it can be synthesized through low-
temperature. CNWs consisting of pure carbon were grown at
1300Wmicrowave power as themain source of plasma energy, and
at 700 �C for 10 minutes via MPECVD with a mixture of methane
(CH4) and hydrogen (H2) gases. CONWs were obtained using
oxygen (O2) plasma. Aer that, thermochemistry was performed
with H2 gas to obtain rCONWs. For the samples thus obtained,
eld emission scanning electron microscopy (FESEM), contact
angle measurement, and Raman spectroscopy were used to deter-
mine the surface and structural properties. The chemical proper-
ties were determined via X-ray photoelectron spectroscopy (XPS),
and the electrical properties were analyzed via Hall measurement.
2 Experiment
2.1 Growth of carbon nanowalls

The prepared 2 � 2 cm2 p-type silicon (Si) wafers (100) were
ultrasonically cleaned with trichlorethylene (TCE), acetone,
RSC Adv., 2020, 10, 9761–9767 | 9761
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Fig. 1 FESEM surface (left) and cross-sectional (right) images of the (a) CNW, (b) CONW, and (c) rCONW. Contact angles of the (d) CNW, (e)
CONW, and (f) rCONW.

Fig. 2 Schematic of variation in contact angle according to the energy difference between the nanowalls and the surfaces in the (a) CNW and the
(b) CONW and rCONW.

9762 | RSC Adv., 2020, 10, 9761–9767 This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Raman spectrum of the samples. (b) ID/IG and I2D/IG ratios of
the samples.
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methanol, and deionized (DI) water (in that order) for cleaning the
surface.12 The cleaned substrates were then dried using nitrogen
(N2) gas, and were placed directly inside an MPECVD (ASTeX-type
MPECVD, Woosin CryoVac, 2.45 GHz microwave) chamber. The
base vacuum inside the chamber was set to 10�4 torr or less, and
a mixture of H2 (25 sccm) and CH4 (55 sccm) gases was added
Fig. 4 Structural schematic of variation in the samples by multiple activ

This journal is © The Royal Society of Chemistry 2020
thereto. At this time, the substrate temperature was 700 �C, the
microwave power was 1300W, and the working vacuumwas 5 to 6
� 10�2 torr. The microwaves passed from the quartz in parallel
with the holder, forming a plasma ball on the substrate, through
which the carbon atoms of CH4 were nucleated, and a buffer layer
was formed on the substrate, and then a CNW was grown. Aer
growing for 10 minutes, the mixture was slowly cooled to room
temperature in a 1 � 10�2 torr working vacuum.

2.2 Surface activation of carbon nanowalls

The starting material, CNW, was put inside a plasma treatment
equipment, and 20 sccm O2 was added to form plasma. 200 W
radio frequency (RF) power was used for plasma formation, and
the temperature inside the plasma treatment equipment was kept
at room temperature for a minute. The working vacuum at this
time was 5 � 10�2 torr. CNW is a two-dimensional graphite
nanomaterial in which graphene is formed in the shape of a wall.
If too much of it is formed during the oxidation or reduction
process, it is etched and blown away, and much gas collision
occurs due to the wall structure. Therefore, it is important to set
the appropriate time, power, and temperature for surface activa-
tion. CONW, surface-modied with a plasma treatment equip-
ment, was placed in a rapid-thermal-annealing (RTA) chamber
and was kept at 500 �C. At this time, the working vacuum was 0.1
torr, and 15 sccm H2 gas was injected for 10 minutes. The
completed rCONW was kept in the chamber at 0.01 torr working
vacuum, and was slowly cooled until room temperature.

2.3 Analysis of the CNW, CONW, and rCONW

To conrm the surface characteristics via FESEM (Hitachi, S-
4800), 5–10 kV acceleration voltages were applied at 5–15 mm
distances. The surface energy was determined by the contact
angle (SEO, inspection of Phoenix MT), and the average value
was obtained by dropping 3 mL DI water for a total of 4 times at
room temperature. Raman spectroscopy (NOST, FEX; excitation
power: �0.3) was performed to examine the structural charac-
teristics of the samples. In addition, the inherent peaks of all
the samples were calculated, and the ID/IG and I2D/IG ratios were
obtained from the Raman spectrum. The chemical components
and bonds of the samples were observed through XPS (Ther-
moFisher Scientic, K-Alpha+) to determine the chemical
ation collision.

RSC Adv., 2020, 10, 9761–9767 | 9763
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properties. The electrical characteristics were conrmed via
Hall measurements (ECOPIA, HMS-3000) using 1 mA current.
3 Results and discussion
3.1 Surface and structural characteristics

Fig. 1 shows the contact angle13 and FESEM surface images
representing the surface characteristics of the samples. The
nanowalls were about 1 mm, 900 nm, and 850 nm in height,
respectively. As can be seen in Fig. 1(a), the edge of the CNWwas
rounded. Those in Fig. 1(b) and (c), unlike CNW, appear like
sharp needles. Also, the surfaces of the CONW and rCONWwere
uneven and rugged compared to that of the CNW. The surface of
the CNW was sharply changed as the nanowalls were oxidized,
and the height was lowered by a slight etching and broken
bonding. At the time of reduction, the unstable functional
group and H2 gas were combined to lower the heights of the
nanowalls. It was also determined that the walls of the CNW,
whose edges were connected to one another, were opened or set
apart by oxidation.14 Fig. 1(d) shows that the CNW was hydro-
phobic before the oxidation of the nanowalls. As can be seen in
Fig. 1(e), however, the oxidized nanowall of the CONW became
hydrophilic. Fig. 1(f) shows that the contact angle of the rCONW
was hydrophilic because a few functional groups remained on
the surface of the nanowall, which also had increased surface
energy.
Fig. 5 XPS survey results of the (a) CNW, (b) CONW, and (c) rCONW.

9764 | RSC Adv., 2020, 10, 9761–9767
Fig. 2 shows why the contact angles of the CONW and
rCONW were hydrophilic. In the case of the CNW (Fig. 2(a)),
when the pressure was seen acting on DI water, Pi (intrinsic
pressure) due to gravity was applied. In addition, PL (Laplace
pressure) was generated by the energy difference between ESW
(surface energy of the nanowall) and ESB (surface energy of the
buffer layer). As ESB was higher than the ESW of the CNW, PL
acted in the direction opposite Pi, and the CNW had hydro-
phobicity. From the perspective of the CONW and rCONW, as
shown in Fig. 2(b), the samples that were wall-shaped were
oxidized more than the buffer layer caused by several collisions
with O plasma, thereby increasing the ESW. Therefore, ESW
became larger than ESB, and PL acted in the same direction as Pi,
making it hydrophilic. In addition, the O atoms of the func-
tional groups and the H atoms of the water molecules had more
surface energy from the hydrogen bonding.

The structural characteristics of the samples were conrmed
by the Raman spectrum. In Fig. 3(a), the D and D0 peaks showed
the edges and defects of graphene, and the G peaks showed the
sp2 structure. The 2D peak is a peak byp–p*, and the higher it is
(which means a thin graphene layer), the lower the G peak.15,16

The D peak of the samples was shown at 1343–1345 cm�1, the G
peak at 1575–1577 cm�1, and the 2D peak at 2688–2694 cm�1.
Fig. 3(b) shows the ID/IG ratios expressing the defect levels of the
samples, and the I2D/IG ratios representing the numbers of
graphene layers. The ID/IG ratio of the CNW was the highest
among the samples, and that of the rCONW was the lowest. If
This journal is © The Royal Society of Chemistry 2020
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the measured CNW had a larger surface defect, a hydrophilic
contact angle should have appeared. The contact angle,
however, was hydrophobic, and the ID/IG ratio was high. This
may be true for the several thin graphene layers, the branches of
the CNW, because the branches grew sideways on the wall, the
edges of the graphene layers, and the D and D0 peaks increased
(Fig. 4). When oxidized, the branches disappeared, and the D
and D0 peaks were diminished. In addition, the functional
group was attached to the missing branch. As the rCONW was
changed from the CONW, the functional group disappeared,
the unoccupied part reverted back to the sp2 structure, and the
ID/IG ratio was reduced. Similarly, the I2D/IG ratio was increased
by the 2D peak of the CNW due to the thin branches compared
to the nanowall and buffer layer, but the 2D peaks of the CONW
and rCONW appeared to have decreased due to the branches
that had disappeared.

3.2 Chemical characteristics

XPS receives up to �10 nm photoelectrons emitted from the
surface due to the photoelectric effect of X-ray. Fig. 5(a) shows
the CNW's XPS survey results, which show faint O1s peaks on
the nanowalls arising from the air exposure during the experi-
ment. In Fig. 5(b), C1s, O1s, and O auger peaks can be seen in
the XPS survey results of the CONW. Compared with Fig. 5(a),
a C1s peak similar to a large O1s peak can be seen, indicating
that the CONW was well formed. Fig. 5(c) shows the XPS survey
Fig. 6 XPS C1s peaks of the (a) CNW, (b) CONW, and (c) rCONW.

This journal is © The Royal Society of Chemistry 2020
results of the rCONW, displaying a larger O1s peak than the
CNW in Fig. 5(a), and a smaller O1s peak than the CONW in
Fig. 5(b). Fig. 5(b) and (c) also show the O auger peak caused by
the diverse bonds of the O atoms on the surface.17 Therefore, the
functional group attached to the nanowall and the buffer layer.

Fig. 6(a) shows the C1s peak of the CNW. There are sp3, sp2,
and p bonds owing to the CNW mechanism.14,18,19 In Fig. 6(b),
which shows the C1s peak of the CONW, the C–O and C]O
bonds (the functional group) can be seen as having increased
compared to those in Fig. 6(a). It can also be seen that the sp3

bond increased compared to the sp2 bond. In other words, O2

plasma breaks the sp2 bond of CNW and strengthens the bond
between the C and O atoms. Fig. 6(c) shows the C1s peak of the
rCONW. The ratio of sp2 and sp3 bonds in the CNW, which had
more sufficient sp2 than sp3 bonds, was similar, but C–O and
C]O bonds are shown. In addition, the sp2 bond grew, and the
functional group was reduced compared to the CONW. There-
fore, the rCONW was reduced due to the combination of H2 and
functional groups that attached to the carbon at high temper-
atures. In addition, owing to the remaining binding energy
resulting from the reduction, it is expected that the sp2 bond
will further increase due to the bond with carbon.

3.3 Electrical characteristics

Fig. 7 shows the average value obtained from the Hall
measurements in the ve experiments. The electrical
RSC Adv., 2020, 10, 9761–9767 | 9765
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Fig. 7 Electrical characteristic of the CNW, CONW, and rCONW
determined via Hall measurement.
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characteristics of the CONW decreased due to the surface acti-
vation of the CNW, resulting in more functional groups and
fewer sp2 bonds. On the other hand, the rCONW's electrical
characteristics improved when the functional group of the
CONW was reduced and the sp2 bond was increased. The
rCONW, however, had a smaller C1s peak and a larger O1s peak
than the CNW for achieving the electrical characteristics of the
CNW. In other words, the electrical properties were lower than
those of the CNW due to the oxidation of the nanowalls and the
buffer layer.
4 Conclusion

In this study, carbon oxide nanowalls (CONWs) and reduced-
carbon-oxide nanowalls (rCONWs) were created to improve
the surface energy and achieve the electrical characteristics of
carbon nanowalls (CNWs). A CNW sample was grown on
a silicon (Si) wafer using microwave-plasma-enhanced chemical
vapor deposition (MPECVD), and was oxidized in a plasma
washer to activate it. The CONW (the activated CNW) was
reduced by hydrogen (H2) gas to modied rCONW via rapid
thermal annealing (RTA) and the thermochemical method.
Field emission scanning electron microscopy (FESEM), contact
angle measurement, and Raman spectroscopy were used to
conrm the surface and structural characteristics. Through the
contact angle measurement, the surface energy of the CONW
was found to be higher than that of the CNW. The contact angle
of the rCONW was slightly higher than that of the CONW, but it
was much lower than that of the CNW. It appears that the
contact angle variation was due to the difference in surface
energy between the nanowall and the buffer layer. With regard
to the structural characteristics, the ID/IG and I2D/IG ratios were
the highest in the CNW, and the ratios of the CONW and
rCONW were expected to be changed by the branches of the
CNW. The chemical properties of the samples were examined
via X-ray photoelectron spectroscopy (XPS) analysis, and it was
found that the sp2 bonding peak at the C1s peak of the CONW
was smaller than that of the CNW, promoting bonding between
the O atoms and the surface of the nanowall, and that the
9766 | RSC Adv., 2020, 10, 9761–9767
functional group was attached thereto. In the case of the
rCONW, the sp2 bonding peak became similar to the CNW's,
and it was conrmed that the functional group was still
attached. The electrical characteristics were observed through
Hall measurement, and it was found that those of the CNWwith
graphene properties were the highest among all the samples,
and that those of the CONW that had been deprived of sp2

bonding were the lowest. In the rCONW example, the electrical
characteristics improved compared to the CONW when the sp2

bonding was increased, as determined via XPS analysis.
rCONW, which has higher surface energy than and similar
electrical characteristics as CNW, is expected to be used as
a material for sensors or other applications.
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