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Effects of synthesis conditions on the structural features and methane
adsorption properties of single-walled carbon nanohorns prepared
by a gas-injected arc-in-water method

Noriaki Sano,? Yoshihiro Akita, and Hajime Tamon
Department of Chemical Engineering, Kyoto University, Kyoto 615-8510, Japan

(Received 18 January 2011; accepted 14 May 2011; published online 21 June 2011)

Single-walled carbon nanohorns (SWCNHs) can be easily synthesized via a gas-injected arc-in-water
method that is considered to be a cost-effective technique. The electrode configuration and duration
of arc discharge were modified in order to enhance the yield and methane-adsorption properties of
SWCNHs. As a result, the yield of the SWCNHs was significantly increased by increasing the
discharge time and the size of the cathode. Using these modified conditions, the horn units in the
SWCNH aggregates increased in size, and the thermal stability of SWCNHs in an oxidative
environment increased accordingly. Ab initio molecular orbital calculations were used to explain the
trend in the thermal stability. When the conventional conditions were applied, a burn-off of about
40% was necessary in order to achieve the maximum specific surface area and micropore volume.
Remarkably, by enlarging the cathode size, the burn-off can be reduced by almost half to achieve the
enhanced micropore volume. As a result, SWCNHSs obtained using the modified conditions adsorbed
a larger amount of methane than did SWCNHs obtained from the conventional synthetic conditions.
The effect of a mild oxidation treatment on SWCNHs on their methane adsorption suggested that
SWCNHs with micropores would be more flexible than pristine SWCNHs. This tendency was
elucidated using a molecular mechanics calculation. © 2011 American Institute of Physics.
[doi:10.1063/1.3600236]

. INTRODUCTION

Nanotube-family carbon materials, including multi-
walled carbon nanotubes (MWCNTs),’ single-walled carbon
nanotubes,2 single-walled carbon nanohorns (SWCNHS),3
carbon nanoonions,4 and so forth, have received intense
attention because of their unique structures and physical
properties.” ™' As a result, the synthesis and applications of
these materials have been highly developed."*™'* Among
these materials, SWCNHs are considered as promising mate-
rials for many applications such as drug delivery,”® energy
applications,?'* gas adsorptions,>*2° etc. Within the litera-
ture concerning their energy applications based on adsorp-
tion, it was reported that SWCNHs are promising materials
for methane storage.****

SWCNHs can be prepared via several methods using
high power lasers or arc discharge.>'®'*?’3% In this study,
the gas-injected arc-in-water (GI-AIW) method'®*"> was
adopted, as it is considered as a low-cost technique among
the methods that yield SWCNHs. Here, the conditions of the
synthesis using the GI-AIW method were modified in order
to improve the production yield and methane-adsorption
ability of SWCNHs. The influence of the synthetic condi-
tions on the structures and thermal stabilities of SWCNHs
was investigated.

In order to improve the methane-adsorption properties
of SWCNHs, the SWCNHs were heat treated in an oxidizing
gas environment at an appropriate temperature for a specific
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time so as to effectively open micropores on their surfa-
ces.*2® Through this heat treatment, the purity of the
SWCNHs was expected to be improved due to the combus-
tion of amorphous carbon impurities.?> In addition, mechani-
cal compression of the SWCNHs effectively increased the
amount of methane adsorbed per apparent volume of
SWCNHSs.?* Although the amount of gas molecules adsorbed
per mass of adsorbent is usually used to indicate adsorption
properties, it is also an important parameter for the practical
design of gas storage devices for industrial applications. In
previous reports,”*?¢ the influences of the extent of oxidation
and compression on methane adsorption were not investi-
gated; these influences were closely investigated in the pres-
ent study.

Il. EXPERIMENTAL DETAILS
A. Synthesis of SWCNHs

Details of the GI-AIW method used in this study are
described elsewhere.'®?’>> In this article, only a depiction
of the electrode dimensions is shown (Fig. 1), and the details
of the apparatus can be obtained from the cited references. A
graphite rod (diameter = 12 mm, length =5 cm) with a hole
(diameter = 8 mm, depth =25 mm) on the bottom along its
axis was used as a cathode, and another graphite rod
(diameter = 3 mm) was used as an anode. These dimensions
are referred to as the conventional conditions that were
adopted in previous studies. In order to investigate the
effects of the size of the cathode hole, a cathode with a larger
hole diameter of 12 mm was prepared. The electrodes in the
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FIG. 1. (Color online) Dimensions of graphite electrodes used in the present
study.

GI-AIW method were submerged in water. On the top of the
cathode, two narrow channels were drilled in order to intro-
duce N, at a rate of 5 L min~'. The arc discharge was gener-
ated inside the cathode hole, and carbon vapor emitted by
the vaporization of the graphite anode was carried to the
water by N, flow. In the experiments referred to as the con-
ventional synthetic conditions, the anode was moved upward
at a rate of 1.5 mm s~ ' using a motor-driven slider to gener-
ate arc discharge at 80 A for 18 s. During the arc discharge,
only the anode was consumed. When the synthetic condi-
tions were modified, the arc discharge time was increased
while maintaining the anode’s ascending speed. In this reac-
tion system, the vaporization of the graphite anode by hot
arc plasma (at approximately 5000 K) followed by a quick
transfer to water causes a high quenching rate of the carbon
vapor (2 x 10° K s™' level),* resulting in the formation of
SWCNHs via a self-transforming mechanism.*® The
SWCNHs were collected in a powdery form that floated on
the water’s surface and which was separated from bulky
deposits containing MWCNTSs, which settled to the bottom
of the container. The as-grown SWCNHs were dried at 50 °C
for one day in ambient air, followed by drying in vacuo prior
to post-treatments (mild oxidation and compression) and
analyses.

B. Oxidation and compression on SWCNHs

A mild oxidizing treatment of the as-grown SWCNHs
was conducted by heating the SWCNHSs at 773 K in an oxi-
dative gas environment using a cylindrical electric furnace.
The powdery SWCNHs were placed on a ceramic boat in a
quartz tube (inner diameter = 33 mm) that was set in the fur-
nace with an O, flow at a rate of 500 cm > min~ . Other-
wise, the heat treatment was carried out in ambient air in an
open-ended quartz tube. The weight change of the SWCNHs
caused by this oxidation treatment was measured; burn-off is
defined as the ratio of the weight change to the initial weight
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of the SWCNHs. The time for this heat treatment was varied
between 10 and 60 min in order to change the burn-off.

The powdery SWCNHs were also compressed at pres-
sures of up to 18 MPa using a mold so as to form a pellet.
The diameter of the pellet was 8.4 mm, and its thickness was
in the range of 2 to 8 mm, depending on the compression
pressure. This pellet was compressed twice in order to
improve its packing density.

C. Characterization of SWCNHs and methane
adsorption measurement

The structures of the SWCNHs were observed via trans-
mission electron microscopy (TEM) (JEOL, JEM2010). The
Brunauer-Emmett-Teller (BET) surface area of the
SWCNHs was determined via the adsorption of N, at 77 K
using an automatic system (BEL Japan, Bel-Mini). In this ar-
ticle, the definitions of mesopores and micropores proposed
by the International Union of Pure and Applied Chemists
were adopted. The pore size distribution was analyzed using
the Dollimore—Heal method’’ and the Horvath-Kawazoe
method®® for the mesopores and the micropores, respec-
tively. The micropore volume was determined using the t-
plot method.** Methane adsorption on the SWCNHs was
measured using a magnetic suspension balance (Rubotherm,
MSB-MT-CP-HP-SP) in a range of methane pressures up to
4 MPa; this measurement was conducted at room tempera-
ture. In addition, thermal gravimetric (TG) analysis and dif-
ferential thermal analysis (DTA) were performed using a
TG/DTA analyzer (Shimadzu, TGA-50) in order to evaluate
the thermal stability of the SWCNHs in an oxidative envi-
ronment. The temperature elevation rate in the TG/DTA

analyses was 10 °C min~".

lll. RESULTS AND DISCUSSION

A. Influence of synthetic-condition modifications on
SWCNH yield

Figure 2 shows photographic images of the graphite
anodes that were used in the GI-AIW method. When a cath-
ode-hole diameter of 8 mm was used, the consumption of the
anode during arc discharge was not perfectly localized at the
tip; instead a relatively large area of the anode was con-
sumed, as shown in the upper image (Fig. 2). This indicates
that the arc plasma can expand in the narrow zone between
the electrodes inside the cathode hole. Under such condi-
tions, the resident time of the carbon vapor generated by the
evaporation of the graphite anode in the inter-electrode space
cannot be uniform. Therefore, some of the carbon vapor will
be expelled into the water before being transformed into
SWCNHs and will react with H,O to form H, and CO.”’
This reaction would cause a significant decrease of the yield
of SWCNHSs. The expansion of the cathode-hole diameter to
12 mm effectively minimized this effect. After this modifica-
tion, the area of the graphite anode that was consumed by the
arc discharge became localized in a narrower range around
its tip, as shown in the lower image (Fig. 2).

Figure 3 shows the influences of the diameter of the cath-
ode hole and the arc discharge time. The yield of SWCNHSs
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FIG. 2. Photographs of graphite anodes consumed by arc discharge. The
upper image corresponds to the conventional condition (cathode hole
diameter =8 mm) and the lower image corresponds to the modified condi-
tion (cathode hole diameter =12 mm). The areas outlined by squares show
the consumed parts.

observably increased when the cathode-hole diameter was
increased from 8 mm to 12 mm. This increase of the yield of
SWCNHs is due to the change of the reaction field, which
caused the resident time of the carbon vapor to become more
uniform and reduced the loss of carbon vapor caused by its
reaction with H,O.

Furthermore, Fig. 3 suggests that the yield of SWCNHs
increased significantly with an increase in the arc discharge
time. This tendency is consistent with previously reported in-
formation about arc discharge modes (continuous and dis-
crete arc modes).*® According to this report, the temperature
of the arc discharge plasma is initially about 4650 K and
gradually increases up to 5100 K during arc discharge in the
time range observed here. With respect to the effect of tem-
perature on the yield of SWCNHs, information concerning
the temperature dependency of the plasma density in the car-
bon arc has been reported*'; the C* density increases from

\'? 30 @ expanded cathode hole (¢ 12 mm)
£~ 95 | O previous cathode hole (¢8 mm)
| *

% 20 ¢ |0times
5 15 *

< 10 . <

o

CEEEH R

~ O 1 1 1

0 20 40 60 80
arc discharge time [s]
FIG. 3. (Color online) Yield of as-grown SWCNHs synthesized using vari-

ous synthetic conditions. The conventional condition includes an arc dis-
charge time of 18 s with a cathode hole diameter of 8 mm.

J. Appl. Phys. 109, 124305 (2011)

about 1 x 10" to 5 x 103 cm73, and the C density increases
from about 2 x 107 to 4 x 10" cm™ upon a temperature
elevation from 4500 K to 5000 K. A similar composition
change would occur in our system. When the C density
increases, the condensation of carbon vapor will be acceler-
ated due to an increase in the collision frequency of C radi-
cals forming carbon droplets. The carbon droplets are then
converted into SWCNHs.*? Therefore, the yield of SWCNHs
should increase when the formation of carbon droplets is
accelerated by higher temperatures and a longer arc dis-
charge time. Consequently, the yield of SWCNHs using the
modified conditions was almost 6 times greater than that
using the conventional conditions.

One might wonder whether the final yield of ~23% is
high, given that the yield of soot containing SWCNHs pro-
duced via the method of laser ablation was reportedly 75%.>
The yield obtained using the GI-AIW method is still lower
than that obtained from such laser ablation methods. Never-
theless, the capital costs and running costs of any high power
laser system must be extremely high as compared with those
of the arc discharge system. Thus, the yield of 23% can be
considered to be high with respect to the cost-effectiveness
of the technique. Additionally, useful byproducts, including
MWCNTs and H,, can be obtained separately using the GI-
AIW method.'®*

B. Influence of synthetic condition modifications on
SWCNH structures

Figure 4 shows two typical TEM images of SWCNHs
produced using the conventional conditions (arc discharge
time =18 s) and the modified conditions (arc discharge
time = 60 s). The SWCNHs produced with the conventional
conditions, as shown in Fig. 4(a), had relatively small horns
that could not be clearly resolved by low magnification ob-
servation. When the structures of these particles were closely
observed, dense aggregations of small horns with diameters
of 1 to 2 nm were seen, as shown in the close-up image.
Below that image, a schematic image of the structure of such
a horn aggregate is illustrated. In contrast to the SWCNHs
shown in Fig. 4(a), the SWCNHs shown in Fig. 4(b) exhibit
relatively large horns, which were clearly resolved even at
low magnification. The particle marked by a square, b-1, was
very similar to the ones synthesized via laser ablation, which
tended to be directed along radial directions. Thus, many
horns protruded, as shown in square b-2. In addition, the
structures of the unidirectional aggregates of horns shown in
square b-3 were seen in many places. When the arc discharge
time was extended to 60 s, the structures shown in Fig. 4(b)
significantly dominated the structures shown in Fig. 4(a).

The reason why the horns obtained with a longer arc dis-
charge time tend to be larger than those obtained with a
shorter arc discharge time has not yet been clarified. Never-
theless, molecular calculations that can verify the self-assembling
mechanisms leading carbon to form curled graphene-wall
junctions,*® which can be considered as part of the structure
of SWCNHs, are useful in elucidating the mechanism of
SWCNH formation. Based on this result, it is hypothesized
that graphene sheets, which appear on carbon droplets at
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FIG. 4. TEM images of two typical structures of SWCNHs. The upper
image (a) shows the main structure when an arc discharge time of 18 s and a
cathode hole diameter of 8 mm were adopted. The lower image (b) shows
the main structure when an arc discharge time of 60 s and a cathode hole di-
ameter of 12 mm were adopted.

high temperatures, can form horn structures when the sheet
reaches the size range preferable for the formation of
SWCNHs.** In order for this to be valid, relatively large
horn structures require that the graphene sheets on the carbon
droplets must grow to a large size while the graphene sheets
are curled and merged. Therefore, we propose that the
growth of large graphene sheets requires high temperatures
that are held for a sufficient time to complete the formation
of the SWCNH structures. When the temperature of the reac-
tion field is not high enough, the time for which the graphene
sheets can stay in the high temperature zone becomes
shorter, and the graphene sheets will close and make small
horn shapes before the graphene sheets grow very large.

C. Thermal stabilities of SWCNHSs in oxidative
environments

The thermal stabilities of the as-grown SWCNHs in oxi-
dative environments were evaluated based on the TG/DTA
analyses. These analyses reflect the structures and purity of
the carbonaceous components in the products.®” Fig. 5 shows
the results of TG/DTA on SWCNHs synthesized using the
conventional condition (arc discharge time = 18 s, cathode-
hole diameter =8 mm) and the modified conditions with
extended arc discharge times and a larger cathode-hole diam-
eter. In the TG charts, it can be seen that the weights of the
samples gradually decrease as the temperature increases
from 300 °C with increasing slopes, and there is a tempera-
ture at which a clear change is evident in the slope above

J. Appl. Phys. 109, 124305 (2011)
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FIG. 5. (Color online) (a) TG and (b) DTA charts of SWCNHSs synthesized
using the conventional condition (A: arc discharge time = 18 s with a cath-
ode hole diameter =8 mm) and the modified conditions (B: arc discharge
time =50 s with a cathode hole diameter=8 mm; C: arc discharge
time = 60 s with a cathode hole diameter = 12 mm). The temperature eleva-
tion rate in the TG/DTA analyses was 10 °C min ..

600 °C. This slope change indicates a mixture of different
carbonaceous structures. The DTA charts more clearly show
the differences between the samples. In the DTA analysis,
four peaks were included in one chart. According to the liter-
ature,? peaks 1, 2, 3, and 4 in Fig. 5(b) should correspond to
the combustion peaks of amorphous carbon, defective carbon
with non-six-membered rings, tubular graphene, and gra-
phitic carbon impurities, respectively. The tubular graphene,
which is indicated by peak 3, represents the tubular horn
units that are the main structures in SWCNHs.

In this figure, it was remarkable that peak 3 became
more prominent when the condition modifications were
implemented. In particular, curve (C), corresponding to the
modified conditions with an arc discharge time of 60 s and a
cathode-hole diameter of 12 mm, exhibited only peak 3 as a
significant peak; the other peaks became almost negligible.
This result suggests that the purity of SWCNHs produced via
the GI-AIW method was significantly improved by the con-
dition modifications.

It was also remarkable that the position of peak 3, which
represents the horn units, tended to shift to a high tempera-
ture range when the synthetic conditions were modified. This
shift is likely related to the structural changes in the
SWCNHs. In order to elucidate the influence of the average
horn size on the DTA charts, the heat of reaction required to
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open a micropore on a model SWCNH was calculated via
ab initio molecular orbital calculations using the LANG2MB
basis set.** It should be noted that this basis set is not for cal-
culating absolute values with high accuracy, but rather for
discussions based on qualitative comparison. This calcula-
tion was conducted using GaussiaN 03 W commercial soft-
ware (Gaussian Inc.).** The SWCNH model with 78 atoms
that was used in this calculation is shown in Fig. 6. In this
calculation, various locations of the C atoms were targeted
for oxidation in order to make one-atom pores; therefore, an
influence of the SWCNH diameter at the location of the
removed C atom was observed. The reaction scheme used to
calculate the heat of reaction for opening a one-atom pore is
as follows:

HRN + 1/2 O, — d-HRN + CO,, (1)

where HRN and d-HRN demote the pristine SWCNH model
and its defective structure, respectively. The structure of d-
HRN is obtained by removing one of the C atoms from a
numbered location on the HRN structure shown in Fig. 6.
The heats of reaction, as determined by Eq. (1), that were
obtained from the various locations of the removed C atoms
are plotted against the corresponding horn diameter in Fig. 6.
It is evident that the heat of reaction, which is the energy
required to open a pore on a SWCNH, decreases with
decreasing horn diameter. This means that it is easier to open
a micropore at the narrower part of the SWCNH structure.
This tendency is likely caused by the increase of the curva-
ture of the horn surface at smaller diameters. Thus, because
the combustion of SWCNHs occurred with the opening of
micropores, peak 3 indicates that the combustion of the main
SWCNH structure can occur in a milder environment when
the average diameter of the horns is smaller. Therefore, the
lower temperature of peak 3 in Fig. 5(b) likely corresponds
with narrower SWCNH diameters. Therefore, the shift of

1500
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= 1200 }
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900 |
800 |
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600 |

500 [ [ 1 ]
40 44 48 52 56 6.0

kJ/mol]
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heat of reaction for E

diameters of horn model at locations of
removed C atoms, d [ A ]

FIG. 6. (Color online) Influence of the location of the one-atom pore on the
heat of reaction needed to open the pore on a SWCNH model calculated
using Eq. (1). The number at each plot corresponds to the location of the
removed C atom, as shown in the embedded SWCNH model.
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peak 3 to a higher temperature when using the modified con-
ditions suggests that the average horn diameter increased
when the reaction conditions were modified. This tendency
is consistent with the TEM observations shown in Fig. 4.

D. Porous properties of SWCNHs and the effect of
post-treatments

The BET surface area, Sggr, and the micropore volume,
Vinicro» of SWCNHs that were oxidized by heat treatment are
shown in Fig. 7 as a function of the burn-off. An evaluation of
the micropore volume is important because the adsorption of
methane on SWCNHs should occur first on micropores that
exist in the interstitial spaces between the tubular horns.? Tt is
reported that when the concentration of methane increases in
the interstitial spaces, adsorption in the internal spaces of tu-
bular SWCNH structures can be enhanced by a unique mu-
tual-enhancement effect.® In Fig. 7, the open symbols show
the results from the SWCNHs synthesized using the conven-
tional conditions (cathode-hole diameter =8 mm), and the
solid symbols show the results from those obtained using the
modified conditions (cathode-hole diameter = 12 mm).

With a cathode-hole diameter of 8 mm, there was a clear
optimal value of burn-off of approximately 40% needed to
simultaneously maximize the Sggr and Voo of the
SWCNHs. The values of Sggt and Vo of the SWCNHs
oxidized by the optimized burn-off were 4.4 and 17.5 times
larger, respectively, than those of the as-grown SWCNHs.
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FIG. 7. Influence of burn-off on the (a) BET surface area and (b) micropore
volume of SWCNHs. The open symbols correspond to the conventional con-
ditions with an arc discharge time of 18 s and a cathode hole diameter of 8
mm. The solid symbols correspond to the modified conditions with an arc
discharge time of 60 s and a cathode hole diameter of 12 mm.
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The increase of Sger and Vo With increasing burn-off in
the range lower than the optimized burn-off is caused by the
opening of micropores on the SWCNHs. The opposite tend-
ency in the range higher than the optimized burn-off is
caused by the destruction of the horn structures of the
SWCNHs. It was confirmed by TEM that only large graphite
flakes remained after thorough oxidation by heat treatment.

In the case of a cathode-hole diameter of 12 mm, it is re-
markable that the dependency of the burn-off on these po-
rous properties was not significant in the burn-off range from
20% to 40%, suggesting that the ideal burn-off to achieve
high methane adsorption on SWCNHs would be reduced by
about half by the modification of the synthetic conditions.
This difference relative to the values obtained with the con-
ventional synthetic conditions is attributed to the reduction
of impurities.

Figure 5 shows information about the inclusion of
impurities. The DTA chart in Fig. 5(b) for the modified con-
dition (C) did not exhibit the peaks corresponding to impur-
ities (peaks 1, 2, and 4) that were clearly evident in the DTA
results for the products from the conventional condition (A).
In the case of the conventional condition, amorphous carbon
and defective carbon should be combusted by oxidation
treatment in the low burn-off range. Therefore, the increase
of the BET surface area and micropore volume of the
SWCNHs produced with the conventional conditions in the
low burn-off range is likely due to the opening of micropores
on the tubular walls of the SWCNHs combined with the
combustion of these impurities. In contrast, the oxidation of
the SWCNHs produced using the modified condition (C)
would not include significant combustion of such impurities
because of the high purity of the SWCNHs. Thus, the high
BET surface area and micropore volume at a relatively low
burn-off (20%) are realized via the opening of micropores
without inhibition by impurities on the SWCNH surface.
Additionally, the BET surface area and the micropore vol-
ume of SWCNHs from the modified condition did not
increase when the burn-off increased from 20% to 39% due
to a limited pore density (number of pores per surface area
of SWCNHs). We propose that the pore density cannot
increase above a certain limit, and further oxidation of the tu-
bular horns would result in destruction of the horn structure.

The apparent density of the SWCNH bulk can be monot-
onically increased with compression pressure, as shown in
Fig. 8. Figure 9(a) shows the pore size distribution in the
micro- and mesopore ranges at varied compression pressures.
As shown, the peak of the mesopore size distribution tended
to shift to a smaller size range when the compression pressure
increased. Note that the mesopores would exist in the spaces
between the tubular horn structures and that the dominant
spaces in the inner spaces of the tubular horns should be
regarded as mesopores. Therefore, it is reasonable that these
mesopores become smaller when the SWCNHs are packed
more densely due to increased compression. In contrast, the
micropore size distribution was independent of compression.

The micropore size distributions of the SWCNHs pre-
pared under the modified synthetic conditions are shown in
Fig. 9(b) in comparison with those of the SWCNHs obtained
via the conventional synthetic condition. It was confirmed

J. Appl. Phys. 109, 124305 (2011)
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SWCNH bulk. The sample was prepared using an oxidation treatment for a
burn-off of 27% on SWCNHs obtained from a synthetic condition with an
arc discharge time of 18 s and a cathode-hole diameter of 8 mm.

that the SWCNHs prepared using the modified conditions
had larger micropore volumes, although the peak position
did not change from that of the conventional condition.

E. Methane adsorption

Figure 10 shows the amount of methane adsorbed on the
SWCNHs at elevated methane pressures. In this figure, the
amount of methane adsorbed is shown in the unit of its STP
volume (volume at O °C and 1 atm) per apparent volume of
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FIG. 9. (Color online) Diameter distributions of the micropore and meso-
pore ranges of SWCNHs prepared via oxidation treatment for a burn-off of
27% on SWCNHs obtained from the conventional synthesis condition with
an arc discharge time of 18 s and a cathode hole diameter of 8 mm in the
upper plots (a). The lower plots (b) show the diameter distributions of the
micropores of SWCNHs prepared with both conventional conditions (arc
discharge time = 18 s, cathode hole diameter =8 mm, burn-off =27%) and
modified conditions (arc discharge time =70 s, cathode hole diameter = 12
mm, burn-off =20% and 39%).
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(@] 8 mm 18 27 0.05%
(] 8 mm 18 27 0.55
A 12 mm 70 20 0.51
* 12 mm 70 39 0.44
] 8 mm 18 27 0.05-0.69
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FIG. 10. (Color online) Amount of methane adsorbed on SWCNHs per
apparent volume of SWCNH bulk. In the upper plots (a), one can compare
the uncompressed (density =0.05 g cm ™) and compressed SWCNHs, as
well as the oxidized and pristine (burn-off =0%) SWCNHs. In the lower
plots (b), one can observe the relation of the amount of methane adsorbed on
SWCNHEs to their apparent density, and the effect of the synthetic condition
modifications on the SWCNHs.

SWCNH bulk. Figure 10(a) shows the amount of methane
adsorbed per apparent volume of SWCNH bulk as a function
of methane pressure. In the case of the conventional synthetic
conditions (cathode-hole diameter =8 mm; arc time = 18 s),
the amount of methane adsorbed onto the SWCNHs can be
compared between compressed and uncompressed SWCNHs,
and between oxidized and non-oxidized SWCNHs. It can be
readily observed that the amount of methane adsorbed per
apparent volume of SWCNH bulk drastically increases with
compression. This result can be reasonably understood
because the apparent density of the SWCNH bulk is increased
by compression, as mentioned in the previous section. Figure
10(b) reveals that the amount of methane adsorbed per appa-
rent volume of SWCNH bulk increases linearly at a slope of
135 cm® g~ !; this value corresponds to the amount of meth-
ane adsorbed per mass of SWCNHs. This linearity suggests
that the methane adsorbed per mass of SWCNHs is constant
regardless of the apparent density of SWCNHs. Remember
that the micropore size distribution is not dependent on the
compression pressure, although the mesopore range is signifi-
cantly affected. These results can be explained by the under-
standing that the adsorption of methane on the micropores
should decisively dominate the total amount of the methane
adsorbed on SWCNHs.

J. Appl. Phys. 109, 124305 (2011)

By comparing the methane adsorption on the oxidized
SWCNHs to that on the pristine SWCNHs (burn-off = 0%),
one can see that the oxidation of the SWCNHs significantly
increased the amount of methane adsorbed per apparent vol-
ume of SWCNH bulk. The amount of methane adsorbed per
apparent volume of oxidized SWCNHs was about 2 times
larger than that of pristine SWCNHs.

The amount of methane adsorbed per mass of oxidized
SWCNHs can be obtained as the amount of methane adsorbed
per apparent volume multiplied by the apparent density. It
was confirmed that the amount of methane adsorbed per mass
of oxidized SWCNHs was about 1.8 times larger than that of
pristine SWCNHs. The difference between “2 times” and
“1.8 times” in the comparison using these different units sug-
gests that oxidized SWCNHs can be packed more densely by
compression than the pristine SWCNHs. This is due to the
change in the structural flexibility of SWCNHs caused by
mild oxidation, as is discussed in the next section.

Figure 10 shows the methane adsorption properties of
SWCNHs prepared under the modified conditions (cathode-
hole diameter = 12 mm; arc time =70 s). Here, the micro-
pores were opened on these SWCNHs by mild oxidation to
burn-off values of 20% and 39%. In addition, these
SWCNHs were compressed to apparent densities of 0.51 and
044 g cm >, respectively. In Fig. 10(a), it can be seen that
the amount of methane adsorbed on these SWCNHs
increased with increasing methane pressure, and the differ-
ence in this increase between these burn-off values was not
significant. This means that these samples have almost the
same capacity to adsorb methane even though they have dif-
ferent burn-off values. The reason for this result can be
explained by the relationship between the burn-off and the
micropore volume for SWCNHs prepared under the modified
conditions, in which the micropore volume was not signifi-
cantly different when the burn-off was raised from 20% to
40%, as mentioned in the preceding section.

Figure 10(b) shows a comparison of the amount of meth-
ane adsorbed on SWCNHs synthesized via conventional and
modified synthetic conditions. In this comparison, the plots
corresponding to the cases of the modified synthesis condi-
tions exhibit larger amounts of adsorbed methane than that of
the conventional condition at each apparent SWCNH density.
Note that the amount of methane adsorbed on SWCNHSs pro-
duced using the modified conditions with burn-offs of 20%
and 39% increased by 36.4% and 48.7%, respectively, com-
pared to those produced by the conventional condition. It is
expected that the SWCNHs that exhibit higher methane
adsorption properties should have larger micropore volumes.
As mentioned in the explanation of Fig. 9(b), the micropore
size distributions of the SWCNHs prepared using the modi-
fied conditions exhibited higher values than the SWCNHSs
prepared by the conventional synthetic condition, which is
consistent with this expectation. The decrease of burn-off to
20% needed to achieve high methane adsorption is meaning-
ful to reduce the loss of the net yield of adsorbent SWCNH.

The target that has been set for the practical use of stor-
age media for adsorbents by the U.S. Department of Energy
is 150 cm® cm>.?* The SWCNHSs produced via laser abla-
tion reached 160 cm® cm™> when they were oxidized and
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compressed at 50 MPa.** The largest amount of methane
adsorption on SWCNHs in the present study was 98.1 cm®
cm 3 , which is lower than this target. Nevertheless, the max-
imum compression pressure used in this study was 18 MPa.
The relationship of the compression pressure to the apparent
SWCNH density shown in Fig. 8 suggests that the SWCNHs
produced via the GI-AIW method seem to have a greater
capacity to increase the apparent SWCNH density if the
compression pressure is increased. Therefore, we believe
that the amount of methane adsorbed on SWCNHs prepared
in the manner described in this study will reach the target
value if the compression pressure is increased. Further inves-
tigations on parameter variations, including the increase of
the compression pressure, will be carried out in the future.

F. Effect of mild oxidation on the structural flexibility
of SWCNHs

As mentioned above, it was revealed that the flexibility
of SWCNHs was higher after mild oxidation treatment. In
order to elucidate this effect, a molecular mechanics calcula-
tion*>#¢ using a universal force field*’ was carried out on the
horn model illustrated in Fig. 11. In this model, 78 C atoms
were used to construct the pristine SWCNH unit. The com-
mercial GaussiaN 03 W software was used to conduct the cal-
culation. In order to evaluate the structural flexibility, the
deformation energy, as defined by Eq. (2), was calculated.

AE =E| —E, 2

In Eq. (2), AE, E,, and E, are the deformation energy, the
total energy of the SWCNH unit structure in the deformed
structure, and the energy of the base structure, respectively.
The deformed structure was determined by shrinking one ra-
dial axis, as shown in Fig. 11. In order to observe the effect
of mild oxidation on the SWCNHSs, we assume that three
micropores are opened in this model by removing three
atoms. Figure 11 shows the plots of the deformation energy
of the SWCNH model against the extent of the deformation;
the extent of deformation is expressed by the ratio of two

30 without atom

removal

25

removed
atoms

20
15
10

5 I after removing
three atoms

0 1 1
05 06 07 08 09 1
ratio of B/A [ - ]

deformation energy AE[eV]

FIG. 11. (Color online) Deformation energy of SWCNHs calculated using a
molecular mechanics calculation on the embedded SWCNH model. In order
to observe the effect of mild oxidation on the SWCNH, three atoms are
removed, representing pores generated by the oxidation.

J. Appl. Phys. 109, 124305 (2011)

radial axes (B/A). As seen in these plots, there is a tendency
for the deformation energy of the porous SWCNH to be less
than that for the pristine SWCNH. This result is qualitatively
consistent with the experimental observations suggesting
that the flexibility of porous SWCNHs is higher than that of
pristine SWCNHs.

IV. CONCLUSIONS

SWCNHs were synthesized via the GI-AIW method
using a hollow graphite cathode. The diameter of the cathode
hole was increased in order to control the consumption area
of the graphite anode rod. As a result, the yield of the
SWCNHs increased by six times. Due to this alteration of
the electrode configuration, the structure of the as-grown
SWCNHs changed remarkably; each horn in the aggregates
became larger, and the thermal stability of the SWCNHs in
an oxidative environment increased accordingly. An ab initio
molecular orbital calculation was carried out in order to elu-
cidate this phenomenon. When the conventional condition
was applied, a burn-off of about 40% was necessary in order
to achieve the maximum specific surface area and micropore
volume. The burn-off required to reach the maximized val-
ues was reduced to almost half when the diameter of the
cathode hole was increased. It was thought that the high
micropore volume obtained from the larger cathode hole
could enhance the methane adsorption. Accordingly, the
SWCNHs obtained using the larger cathode hole exhibited a
larger amount of adsorbed methane than did those obtained
from the conventional synthetic condition. It was known that
compression of powdery SWCNHSs causes an increase of the
amount of methane adsorbed per apparent volume of
SWCNH bulk because the bulk density increases. It was
found that this effect in oxidized SWCNHs was larger than
in pristine SWCNHs. From this result, it was proposed that
SWCNHs with micropores are more flexible than pristine
SWCNHs. A molecular mechanics calculation supported the
feasibility of this proposal.

Besides the cathode size and the arc duration time inves-
tigated here, one might consider that the structure, yield, and
methane adsorption properties of the products obtained via
the GI-AIW method could be further affected by the optimi-
zation of more factors, for example, the gas component, elec-
trode motion, arc current control, and so forth, and thus
further investigations will be carried out.
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