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A b s t r a c t

We prepared binder-free monoliths of carbon nanohorns (CNHs), hole-
opened carbon nanohorns (CNHoxs), multi-walled carbon nanotube 
(MWCNT), and single-walled carbon nanotube (SWCNT) using spark 
plasma sintering (SPS) method at 1800℃ and 80 MPa in vacuum. 
The density of the SPS-treated SWCNT is 1.8 g/cm3, which is close 
to that of graphite, while those of CNHs, CNHoxs, and MWCNT 
remained 1.1–1.3 g/cm3 even after SPS treatment. We evaluated the 
monoliths using Raman spectroscopy and scanning electron microscopy 
observation, which showed a significant defect formation and 
graphitization of SWCNTs. Moreover, the increase of defect density 
in CNHs, CNHoxs, and MWCNT was moderate, and sub-micron 
size structures remained. We observed that the monoliths of CNHs 
and CNHoxs were highly conductive with a Hall mobility of positive 
holes of ~50 cm2/Vs and electrical conductivity of ~300 S/cm. These 
experimental results indicated that the SPS treatment under appropriate 
conditions could provide CNHs monolith with nanostructure and good 
electrical conductivity.
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1. Introduction
Nanocarbon materials such as carbon nanotubes (CNTs) 
and graphene have attracted much attention due to their 
unique physical and chemical properties, and have 
recently been actively studied for device applications 
such as sensors [1-9]. Carbon nonahorn (CNH) is a 
derivative of CNT. While single-walled CNTs (SWCNTs) 
have a cylindrical graphene-wrapped structure, CNHs 
have a horn-like structure with a graphene-wrapped and 
rounded tip.

Each CNH has a diameter of 2–5 nm and a length of 
about 40–50 nm and is produced as spherical aggregates 
(CNHs) of several thousand CNHs. The aggregates are 
almost uniform in size, with a diameter of approximately 
100 nm [10]. Compared to CNTs, which are generally 
poorly dispersible, CNHs are dispersible in almost all 
organic solvents.

Oxidation of CNHs by heat and light energy results 
in porous CNH aggregates (CNHoxs) with holes in the 
wall [14]. CNHs and CNHoxs are reported to be free of 
metallic impurities and low in toxicity [15] since they do 
not use metal catalysts in their preparation as CNTs do, 
and they have also been studied for medical applications 
such as laser thermotherapy [15-17], and their application 
in the medical field, such as laser thermotherapy, is also 
being investigated [16,17]. It is also one of the nanocarbon 
materials that should be paid attention to in the future 
because it can be mass-produced and its material cost 
can be reduced.

Although a single independent CNT is known to 
have an extremely high carrier mobility of 104 cm2/
Vs or higher [18], the field-effect mobility of several 
thousand in the case of aligned CNTs and several 
tens of cm2/Vs in the case of non-aligned CNTs 
have been reported [6,19,20]. It has been reported that 
Au nanoparticles at the nodes of CNT networks are 
effective in reducing sheet resistance [21,22].

While CNHs have been widely studied for 
energy devices, there are few reports on the electrical 
conductivity of CNHs themselves. The electrical 

conductivity of CNHs in powder form is 1.0–1.5 S/cm [23], 
and gas detection by electrical resistance change of CNH 
thin film has been reported as a sensor application [24,25]. 
In addition, the induced current by pulsed infrared light 
in composite films with poly(sodium 4-styrenesulfonate) 
(PSS) has been reported, and the mobility estimated from 
the transit time was as low as 3×10-9 cm2/Vs [26,27]. This is 
interpreted to be due to the weak bonding between CNH 
molecules in the composite film. To speed up the sensor 
response speed and increase the electrical signal, it is 
necessary to suppress contact resistance and improve 
conductivity without damaging the nanostructure as 
much as possible.

We a re  a iming  to  improve  the  e lec t r i ca l 
conductivity of CNHs without adding impurities that 
could be scattering or trapping centers, so as not to 
impair the feature of CNHs that they do not contain 
metallic impurities. In this study, monoliths of CNHs, 
CNHoxs, multilayer CNTs (MWCNTs), and SWCNTs 
were fabricated by the spark plasma sintering (SPS) 
method and density evaluation, Raman spectroscopy, 
microstructure observation by scanning electron 
microscopy (SEM), and electrical properties were 
evaluated.

2. Sample preparation and experimental 
methods
In the SPS method, direct heating by Joule heat 
generated by applying a pulsed direct current (DC) while 
applying pressure to the raw powder packed in a graphite 
die is used. This enables sintering in a short time [28,29]. In 
this study, the SPS method was employed to strengthen 
intermolecular bonds and to suppress transformation and 
degradation caused by prolonged heating.

CNHs (185-2-1, NEC), CNHoxs (185-4, NEC), 
MWCNT (755133, Sigma-Aldrich), and SWCNT 
(698695, Sigma-Aldrich) powders were purchased 
and used as raw materials. The purity of CNHs and 
CNHoxs was 85%–95% (5%–15% graphite impurities), 
MWCNTs was 95% (5% metal oxides), and SWCNTs 
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had a carbon content of at least 70% with an unknown 
impurity composition. The SWCNT powder used here 
was not processed to separate semiconductors from 
metals.

Both samples were subjected to SPS treatment under 
the following conditions: pressure 80 MPa, temperature 
increase rate 50°C/min, sintering temperature 1,800°C, 
holding time 10 min, and in vacuum. The resulting 
monoliths were cut with a diamond cutter and surface 
polished with water-resistant abrasive paper (#1000, 
#1500), followed by lapping tape (#6000, #8000). The 
density was calculated from the volume and mass which 
were calculated from the dimensions. The molecular 
structure of the samples was evaluated from Raman 
spectroscopy. A Raman spectrometer (inVia Raman 
Microscope, Renishaw) was used to excite the sample 
with a laser beam of 532 nm wavelength and 15 mW 
energy intensity, and Raman spectra were measured in 
air with a resolution of 3 cm-1. Microstructures were 
observed using a scanning electron microscope SEM 
(S-4300, Hitachi High-Tech) and compared before and 
after SPS treatment. The acceleration voltage was 15 kV. 
Electrical conductivity was evaluated using the Van der 
Pauw method. An electrode was attached to the sample 
with silver paste, and electrical resistance was measured 
at room temperature in air. Carrier concentration and 
mobility were evaluated from Hall effect measurements in 
air and at room temperature. A constant current of about 
700 mA was applied to the sample and a magnetic field of 
up to 1 T was applied. The Hall coefficient was obtained 
from the magnetic field dependence of the Hall voltage. 
The carrier concentration and mobility were calculated 

using this and the measured electrical conductivity.

3. Experimental results and discussion
3.1. Density
Table 1 shows the densities before and after SPS 
treatment by specimen The densities of CNHs, CNHoxs, 
MWCNTs, and SWCNT monoliths after SPS treatment 
were 1.34, 1.13, 1.35, and 1.87 g/cm3, respectively. 
The true densities of MWCNTs and SWCNTs were 2. 
The density of the SPS-treated SWCNTs was higher 
than the original true density, suggesting that they were 
transformed from SWCNTs into a different material. 
Considering that the densities of MWCNTs and graphite 
are 1.0–1.3 g/cm3 and 1.8–2.0 g/cm3 respectively in 
normal samples [30,31], SWCNTs were likely altered and 
graphitized by the SPS treatment. On the other hand, 
SPS-treated CNHs, CNHoxs, and MWCNTs were almost 
as dense as MWCNTs without SPS treatment. This 
suggests that the nanostructure-derived space created by 
winding graphene remains after SPS treatment.

3.2. Raman spectroscopy
Figure 1 (a-d) shows the Raman spectra of CNHs, 
CNHoxs, MWCNTs, and SWCNTs, respectively. The 
dashed lines correspond to before SPS treatment (raw 
powder) and the solid lines to after SPS treatment 
(monolith). In both cases, three characteristic peaks can 
be observed: D band (1350 cm-1), G band (1580 cm-1), 
and 2D band (2700 cm-1). In general, the 2D band has a 
strong peak when the crystallinity is high and the number 
of layers is small, and broadens with an increase in the 

Table 1. Density of nanocarbon before and after SPS treatment

Sample Raw powder (g/cm3) SPS sample (g/cm3)

CNHs 0.1 – 0.2 1.34

CNHoxs 0.2 – 0.3 1.13

MWCNT 0.005 – 0.014 1.35

SWCNT 0.02 – 0.15 1.87
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number of layers, shifting toward higher energy [32,33].
Figure 1(a) shows that the G band peak intensity 

slightly decreased and the 2D band peak shifted from 
2659 cm-1 to 2696 cm-1 in CNHs after SPS treatment. 
The G/D ratio also slightly decreased from 0.57 to 0.55 
for CNHoxs, and the 2D band shifted from 2663 cm-1 to 
2688 cm-1 (Figure 1(b)). Figure 1(c) shows that in the 
case of MWCNTs, the G/D ratio changed slightly from 
0.88 to 0.85 and the 2D band shifted from 2672 cm-1 to 

2690 cm-1. The amount of the peak shift by SPS treatment 
is considered to be small. Compared to CNHs, CNHoxs, 
and MWCNTs, the Raman spectra of SWCNTs changed 
more significantly before and after SPS treatment (Figure 
1(d)): the G/D ratio dramatically decreased from 7.9 to 
2.4 and the 2D band shifted significantly from 2665 cm-1 
to 2720 cm-1. Furthermore, the Radical Breathing Mode 
(RBM) band, which is characteristic of SWCNTs and 
was observed around 100–300 cm-1 in the raw powder, 
disappeared after SPS treatment, suggesting that the 
SWCNT structure was severely lost.

The G/D ratios of CNHs, CNHoxs, MWCNTs, and 
SWCNTs before and after SPS treatment are summarized 
in Table 2. Although there are few detailed reports on 
the heat resistance of CNHs and CNHoxs, the above 
results are consistent with those reported in previous 
studies. As for the reason for the thermal stability of 
MWCNTs compared to SWCNTs, it may simply be that 
the outermost layer is multilayered, so that damage to 
the outermost layer has little effect on the inner layer, 
or that the multilayered outer layer has a larger radius, 
which reduces the local concentration of thermal energy. 
The multilayered nature of the nanotubes also reduces 
the localized concentration of thermal energy [34]. On the 
other hand, it has been reported that the heat resistance 
of nanotubes is reduced by defects and impurities [35]. 
Considering the above, the fact that CNHs are composed 
of thousands of CNHs in aggregates of about 100 nm 
and that CNHs do not contain metallic impurities may be 
related to the thermostability of CNHs. Further studies are 
needed to clarify these facts.

Table 2. G/D ratio in Raman spectra for nanocarbon before 
and after SPS treatment

Sample
G/D ratio

Raw powder SPS sample

CNHs 0.79 0.70

CNHoxs 0.57 0.55

MWCNT 0.88 0.85

SWCNT 7.9 2.4
Figure 1. Raman spectra for the raw powders and SPS sample 
of (a) CNHs, (b) CNHoxs, (c) MWCNT, and (d) SWCNT. The 
inset showed an enlarged view of the 2D band.
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In general, the G/2D ratio of graphene provides 
information on the number of graphene layers or the 
stacking structure. According to Ferrari et al., a strong 
peak appears around 2670 cm-1 when the number of 
graphene layers is small, but the peak shifts to around 
2720 cm-1 when the number of layers increases to 5 or 
more and reaches graphite [36]. The Raman spectrum of 
CNTs becomes closer to the structure of graphite as the 
number of layers increases from monolayer to bilayer 
to multilayer, and the peak around 2700 cm-1 becomes 
stronger [37]. The results in Figure 1 show that the G/
H values of CNHs, CNHoxs, MWCNTs, and SWCNTs 
are similar to those of graphite, and were approximately 
1 (0.92→0.98), 0.7 (1.1→0.79), 0.3 (2.3→0.73), and 
0.3 (2.2→0.69) times higher, respectively, after SPS 
treatment than before treatment. The 2D peaks of 
CNHs, CNHoxs, MWCNTs, and SWCNTs were located 
around 2660–2670 cm-1 before SPS treatment; after SPS 
treatment, the peak positions for CNHs, CNHoxs and 
MWCNTs were 2690–2695 cm-1 for CNHs, CNHoxs, 
and MWCNTs, whereas only SWCNTs showed a large 
shift to the graphite peak at 2720 cm-1. These results 
suggest that SPS treatment may have increased the 
number of layers. The reason for the difference in G/2D 
ratio between CNHs and CNHoxs, which increased 
about 1-fold, and MWCNTs, which increased about 0.3-
fold, is unclear, but it is possible that the difference in 
molecular structure between urchin-like CNHs and fiber-
like CNTs had an effect.

3.3. Microstructure
Figure 2 (a-d) shows SEM images of CNHs, CNHoxs, 
MWCNTs, and SWCNTs before and after SPS 
treatment. Figure 2(a)1 and (b)1 show that there are 
many spherical structures with a diameter of about 100 
nm in the SEM images of the raw powder. In Figure 
2(c)1, a fiber-like structure composed of many thin 
linear materials can be seen. In Figure 2(d)1, finer linear 
structures of different sizes can be seen intertwining with 
each other. Looking at the SEM images of the monoliths 

after SPS treatment in Figure 2(a)2 and (b)2, it can 
be seen that rather large structures and small spherical 
structures coexist in both cases. In Figure 2(c)2, a rather 
large structure and a small fibrous structure coexist. In 
the Raman spectra of CNHs, CNHoxs, and MWCNTs, 
a slight decrease in the G/D ratio and a blue shift in 
the 2D band were observed after SPS treatment. These 
results can be interpreted as an increase in the number of 
layers and partial graphitization at the bonding interface 
due to the bonding of nanocarbon molecules with each 
other while maintaining the nanostructure. In contrast, 

Figure 2. SEM images of the 1. raw powders and 2. SPS sample 
for (a) CNHs, (b) CNHoxs, (c) MWCNT, and (d) SWCNT
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Figure 2(d)2 shows that the SPS-treated monoliths of 
SWCNTs have a layered structure of microsize planar 
blocks, although some fibrous structure remains. The 
graphitization of the SWCNTs was severely enhanced 
by the SPS treatment. Yamamoto et al. reported that 
SPS treatment of SWCNTs at a sintering temperature of 
1400°C and uniaxial pressure of 120 MPa causes tears 
and structural changes [38]. Considering the changes in 
density, Raman spectra, and microstructure obtained 
in this study, it is considered that the microstructure 
of SWCNTs is destroyed by SPS treatment and 
graphitization is advanced.

3.4. Electrical conductivity
Figure 3 shows the magnetic field dependence of the 
Hall voltage of SPS-treated CNHs, CNHoxs, MWCNTs, 
and SWCNTs. The conduction types were all p-type. 
The calculated conductivities and carrier mobility from 
these results are shown in Table 3. The conductivities of 
CNHs and CNHoxs monoliths after SPS treatment were 
303 S/cm and 280 S/cm, respectively. Nitrogen doping is 
effective in improving the conductivity, and it has been 
reported that the conductivity can be increased up to 9 
S/cm [39]. In this study, we found that SPS treatment can 
also improve bulk conductivity. This is thought to be 
due to the decrease in intermolecular contact resistance 
resulting from the strengthening of intermolecular bonds 
by SPS treatment. The carrier mobility of CNHs and 
CNHoxs was 46 cm2/Vs and 53 cm2/Vs, respectively. 
The carrier concentration of CNHoxs was lower than that 
of CNHs, suggesting the possibility of carrier trapping 
in the open pores. On the other hand, the electrical 
conductivity of the MWCNT monoliths was 329 S/

cm and the carrier mobility was only 18 cm2/Vs. The 
SWCNTs are considered to be considerably graphitized 
after SPS treatment. The electrical conductivity of 2098 
S/cm is a reasonable value for graphite. The mobility 
of 4 cm2/Vs is the lowest among the four samples, but 
the monolith obtained in this study is unoriented unlike 
highly oriented pyrolytic graphite (HOPG) [31], and the 
defect concentration increased significantly during SPS 
treatment, as shown by the marked decrease in the G/
D ratio in the Raman spectra, and these two factors may 
be responsible for the low mobility. The two factors are 
thought to be the cause of the low mobility.

Figure 3. Magnetic field dependence of Hall voltage in (a) CNHs, 
(b) CNHoxs, (c) MWCNT, and (d) SWCNT samples after SPS 
treatment

4. Conclusion
CNHs, CNHoxs, MWCNTs, and SWCNT powders 
were subjected to SPS treatment, and free-standing 
monoliths were fabricated without adding impurities that 

Table 3. Electrical conductivity, carrier density, mobility, and carrier type for the nanocarbon samples after SPS treatment

Raw powder Electrical conductivity (S/cm) Carrier density (cm-3) Mobility (cm2/Vs) Type
CNHs 303 4.1 × 1019 46 p

CNHoxs 280 3.4 × 1019 53 p
MWCNT 329 1.2 × 1020 18 p
SWCNT 2,098 3.8 × 1021 4 p
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could serve as scattering or trapping centers. Density 
evaluation, Raman spectroscopy, SEM observation, 
and conductivity evaluation were performed on 
these monoliths. The density of SWCNTs treated 
by SPS under the following conditions: pressure 80 
MPa, temperature increase rate 50°C/min, sintering 
temperature 1800°C, holding time 10 min, and vacuum 
was 1.87 g/cm3, which is close to that of graphite (1.8–
2.0 g/cm3). On the other hand, CNHs, CNHoxs, and 

MWCNTs showed values of 1.13–1.35 g/cm3 after SPS 
treatment. Raman spectroscopy and SEM observations 
showed that SWCNTs were generally graphitized and 
lost their nanostructures due to SPS treatment, resulting 
in many defects. On the other hand, CNHs, CNHoxs, 
and MWCNTs showed good electrical conductivity 
of 300 S/cm and carrier mobility of 50 cm2/Vs, while 
retaining their nanostructures.
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