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The method to synthesize single-walled carbon nanohorns �SWCNHs� using gas-injected arc in
water �GI-AIW� has been experimentally studied. GI-AIW is known as one of the cost-effective
methods to obtain SWCNHs. It was revealed that the yield of SWCNHs significantly decreases with
the increase in water temperature although the purity of SWCNHs is not dependent on the
temperature change. Then the model of relevant reactions in the GI-AIW system was proposed by
accounting the emission of carbon vapor, formation of SWCNHs, and diffusion of water vapor in
three zones inside the cathode hole �arc plasma zone, quenching zone, and downstream zone�. The
side reaction between H2O and C produces H2 gas and consumes a certain amount of carbon vapor,
resulting in the hindered SWCNH formation. Moreover the observation of the optical spectra
emitting from the arc plasma zone strongly supported that the H2 generating reaction does not occur
at arc plasma zone since N2 flow can purge H2O out. The model proposed in this study can precisely
explain the correlation between H2 gas production and water temperature. © 2009 American
Institute of Physics. �doi:10.1063/1.3259377�

I. INTRODUCTION

Single-walled carbon nanohorns �SWCNHs� have been
recognized as promising materials for many applications due
to their unique structures and physical properties.1–3 For ex-
ample, a mild oxidation on their surface brings about a dras-
tic increase in their surface area,4,5 which can be used for gas
fuel storage.6,7 Also, SWCNHs can show superior character-
istics for the applications as catalyst support8 and drug
carrier.9 Since SWCNHs were synthesized by a laser ablation
with a graphite target,10 several methods to produce SWC-
NHs have been reported to pursue low cost production.11–15

Among them, we have been trying to develop a method
called gas-injected arc in water �GI-AIW�.15–17 To date, arc
current density, gas components, gas flow rate, and electrode
motion were optimized to maximize the yield and the
purity.16,17 However, water temperature, which is a factor
essentially important to optimize this reaction field, has not
yet been investigated. It is urgent to clarify this issue because
we have recognized that water temperature affects signifi-
cantly the yield of SWCNHs. Additionally, the formulation
of a theoretical model of GI-AIW is currently demanded be-
cause none of the previous literature has provided a deep
insight into this reaction system. Under such circumstance,
this article experimentally reveals the influence of the water
temperature on the production of SWCNHs. In addition, the
reaction mechanism in GI-AIW is discussed based on the
optical spectra from arc plasma and the analyses of gases
emerging from the reaction site under varied conditions.

II. EXPERIMENTAL

The apparatus used in this study is shown in Fig. 1. Arc
discharge was generated at 80 A �40 V� between electrodes
submerged in water by a dc power supply �Shindaiwa,
STW200A�. The anode was a graphite rod of 3 mm diameter
and the cathode was a hollow graphite rod of 12 mm diam-
eter with a large hole of 8 mm diameter and 25 mm depth on
its bottom. The other side of the cathode had two narrow
channels to inject N2 gas into the arc zone. N2 was supplied
from a cylinder at a constant flow rate of 5 l min−1. This
flow rate was employed because a previous work revealed
that the gas resident time with this gas flow rate leads to a
preferable quenching rate of carbon vapor at �2
�106 K s−1 to form SWCNHs.16 Moreover, the N2 injection
was necessary to produce SWCNHs because water vapor
which reacts with carbon vapor must be purged out.15 In the
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FIG. 1. �Color online� Experimental setup for synthesis of SWCNHs by
GI-AIW method.

JOURNAL OF APPLIED PHYSICS 106, 104315 �2009�

0021-8979/2009/106�10�/104315/7/$25.00 © 2009 American Institute of Physics106, 104315-1

Downloaded 25 Apr 2010 to 130.54.110.33. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.3259377
http://dx.doi.org/10.1063/1.3259377
http://dx.doi.org/10.1063/1.3259377


present apparatus, the anode that was raised up toward a
static cathode to keep the interelectrode gap during the anode
is consumed by the arc discharge. The anode-ascending
speed was controlled at 1.5 mm s−1 to continue the arc dis-
charge for 15 s by a stepping motor slider �Oriental Motor,
EZS3-15M�. The interelectrode gap to sustain arc discharge
was �0.45 mm. To investigate the influence of water tem-
perature, the temperatures were varied to 2, 23, 46, 62, and
79 °C. During the arc discharge, SWCNHs were continu-
ously produced and they floated on the water surface because
of their hydrophobic behavior.

The weights of the floating SWCNHs and the consumed
anode were measured to determine the yield and the produc-
tion rate of SWCNHs. In our condition, energetic carbon
ions colliding to the cathode surface did not cause the con-
sumption of the cathode, but they were deposited on the
cathode surface. A transmission electron microscope �TEM�
�JEOL, JEM-1010� was used to characterize the morphology
of SWCNHs. Raman spectroscopy �Raman Systems,
R-3000� was also used to evaluate the crystallinity of the
as-grown SWCNHs.

In this study, the gas emerging from the reaction produc-
ing SWCNHs was also investigated to elucidate the reaction
mechanism. A glass gas-collector tube was used to collect
the gas bubbles that were released from the cathode hole.
The gas sampling via a glass syringe �50 ml� was automati-
cally started after the arc discharge was continued for 3 s.
The collected gas was analyzed by a gas chromatograph
�GC� �Shimadzu, GC-14B� with a thermal conductivity de-
tector detector using a packed column �Waters, Porapak-Q�.
In addition, the optical spectra of radiation from the arc
plasma were recorded by an optical spectrometer �Ocean Op-
tics, USB2000� to estimate the arc temperature and to ana-
lyze the radical formation. For this spectral analysis, a reflec-
tor coated with Pt was used to introduce the light from the
arc zone to an optical fiber.

III. RESULTS AND DISCUSSION

A. Influence of water temperature on morphology of
as-grown SWCNHs

The morphology of SWCNHs synthesized in this study
can be observed in TEM images �Fig. 2�. These images show
that SWCNHs consisted of aggregated single-walled horns
of which diameters were less than 4.6 nm and length was less
than 17 nm. In comparison between typical TEM images of
the as-grown SWCNHs obtained from a low-temperature
condition �2 °C� and a high-temperature condition �79 °C�,
no significant difference was observed. In both cases, the
purity of SWCNHs was �70% according to our TEM obser-
vation. Amorphous carbon was observed as impurities. In
addition, Raman spectroscopy was also used to evaluate the
crystallinity of the as-grown SWCNHs. An inset in Fig. 3
shows a typical Raman spectrum of SWCNHs synthesized at
2 °C. It is obvious that there are two peaks: graphite band
�G-peak� at 1580 cm−1 and disorder band �D-peak� at
1330 cm−1 of which intensities are almost comparative.
Such balance in the intensities of these G- and D-peaks is
common in as-grown SWCNHs.13–15 The dependence of

G /D ratio on the temperature of water is depicted in Fig. 3 to
show a tendency in the crystallinity of the as-grown SWC-
NHs obtained at different conditions. In general, when the
G /D ratio is higher, the concentration of crystalline carbon
nanostructures would become higher. Because amorphous
impurities were contained in our as-grown SWCNHs, the
higher G /D ratio may indicate the higher purity. Based on
our Raman investigation, it is worthy to notice that the G /D
ratio is hardly affected by the temperature of water. As a
result, the purity of SWCNHs would reasonably be indepen-
dent of the water temperature. This tendency is also consis-
tent with the result obtained by the TEM analysis.

B. Influence of water temperature on production of
SWCNHs and by-product gases

Figures 4�a� and 4�b� show the yield and the production
rate of SWCNHs. The yield is defined as the ratio of the
weight of as-grown SWCNHs to the total weight loss of the
consumed anode in each batch of the arc discharge process.
The yield and the production rate of SWCNHs tend to sig-

FIG. 2. Typical TEM images of SWCNHs produced by GI-AIW. �a� Low
magnification image. �b� High magnification image.

FIG. 3. Influence of water temperature on the G /D ratio in Raman spectra
from as-grown SWCNHs synthesized by GI-AIW with varied water tem-
perature. Inset shows a Raman spectrum from the product at the water
temperature of 2 °C.
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nificantly decrease with an increase in the water temperature,
in which both yield and production rate can become approxi-
mately one-eighth when the water temperature is elevated
from 2 to 79 °C. Meanwhile, in the gas analyses, emergence
of H2 gas was also confirmed as explained later. This H2

production could be ascribed to the reaction between carbon
vapor and water vapor. Although N2 was introduced to purge
water vapor out from the reaction zone in GI-AIW, a certain
amount of water vapor could diffuse into this zone, resulting
in the inhibiting effect on the SWCNH formation. The po-
tential reaction mechanism is proposed in Eqs. �1� and �2�.

C →
1

m
SWCNHs, �1�

C + H2O → CO + H2, �2�

where m means the number of carbon in SWCNHs.
To verify this mechanism, the formation of gaseous

products was analyzed using the GC. Based on the precision
of our GC, we intentionally selected the analytical condition
to raise detecting sensitivity for H2. It should be noted that a
single mole of CO formed by Eq. �2� corresponds to a single
mole of H2. In fact, the CO production rate was slightly
lower than the H2 rate in our analysis, which was close to
this stoichiometrical relationship. The gap in the production
rates of CO and H2 is attributed to the formation of other
by-products, which was not detectable by our GC. Further-
more, we confirmed that O2 was not produced by arc dis-

charge in water. As a result, H2 should not be generated by
electrolysis of water, but mainly from Eq. �2�. Then the H2

production rate was plotted against the water temperature, as
shown in Fig. 4�c�. The H2 production rate was determined
from the gas flow rate multiplied by H2 concentration ob-
tained from the gas chromatographic analyses. The H2 pro-
duction rate was enhanced from approximately 1.5 to
7 mol s−1 when the water temperature was increased from 2
to 79 °C.

For comparison, the H2 production rate in the conven-
tional system of arc in water �AIW�18,19 without N2 injection
was also determined to evaluate the effect of the N2 injec-
tion. It should be noted that the conventional AIW cannot
provide SWCNHs due to the dominating Eq. �2�. In the AIW
system, the H2 production rate was as high as 1.02
�10−3 mol s−1. However, the H2 production rate in the GI-
AIW system with low-temperature water �2 °C� was two
orders of magnitude lower than in the conventional AIW.
With an increase in the water temperature to 79 °C, the H2

production rate in GI-AIW became up to approximately 7%
of that in AIW. This result indicates that N2 injection can
effectively prevent the diffusion of water vapor into the
SWCNH-producing zone. Without N2 injection, the emer-
gence of water vapor should result in the drastic decrease in
the yield of SWCNHs.

Figure 4�d� shows the selectivity of the SWCNH forma-
tion in Eq. �1� according to products including gaseous by-
products in Eq. �2�. The selectivity shown in this figure is
defined by

� =
rCNH

rCNH + rH2

, �3�

where �, rCNH, and rH2
are the selectivity for SWCNH pro-

duction, the molar production rate of SWCNHs, and that of
H2, respectively. The molar production rate of SWCNHs is
calculated in C basis by dividing the gram production rate by
the molecular weight of C. It can be observed that the selec-
tivity of SWCNH production was hindered when the water
temperature was increased. This is attributed to the increase
in water vapor penetrating into the reaction zone due to the
increased water temperature.

C. Analyses on optical spectra from arc plasma zone

The radical formation in arc plasma and the temperature
there were investigated by analyzing its optical spectra. Fig-
ure 5 shows the typical optical spectra obtained from three
conditions: �1� GI-AIW with a low water temperature at
2 °C, �2� GI-AIW with a high water temperature at 70 °C,
and �3� conventional AIW at ambient temperature. In all
cases, a peak at 516 nm may indicate the existence of C2

radical.20 In the conventional AIW, an outstanding peak at
660 nm would indicate the H-radical �H�� formation.20,21

However, such H-radical peak cannot be observed in both
cases of GI-AIW. This result suggests that H2 production can
be significantly hindered in the arc plasma zone of GI-AIW
systems since N2 flow could effectively purge H2O out from
the arc plasma zone. As mentioned above, H2 was generated
from H2O inside the cathode hole, where SWCNHs were

FIG. 4. Influence of water temperature on �a� the yield of SWCNHs, �b� the
production rate of SWCNHs, �c� the production rate of hydrogen, and �d�
the selectivity of SWCNH formation ���.
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also produced. Here it should be noted that Eq. �2� could
possibly take place outside the arc plasma zone, but at a
SWCNH-producing zone.

Based on the previous discussion, we propose a sche-
matic diagram for illustrating three zones ��1� arc plasma
zone, �2� quenching zone, and �3� downstream zone� which
would reasonably exist in the cathode in the GI-AIW system,
as shown in Fig. 6. In this figure, the profiles of the tempera-
ture and the pressure of water vapor are also shown as a
simple model. The arc plasma zone plays a role to generate
carbon vapor. The quenching zone leads to the conversion of
carbon vapor to SWCNHs. In the downstream zone, water
vapor is generated at the liquid-gas interface, resulting in the
diffusion of the water vapor toward the quenching zone.
However, with sufficient flow of N2 injection, the water va-
por cannot reach the arc plasma zone so that the H-radical
peak is not seen in the optical spectra of the arc plasma in
GI-AIW. Thus, it may be reasonable that Eq. �2� would take
place at the bottom of the quenching zone.

In this study, the radiation equations known as Planck
distribution law and Wien’s displacement law, written in Eqs.
�4� and �5�, respectively, are used to determine the tempera-
ture of the arc plasma from its optical spectra.

q� = 2�c2h�−5�ech/��T − 1�−1, �4�

�maxT = 0.2884 cm K, �5�

where q�, T, �, �max, c, h, and � are the energy flux of light
at a wavelength, temperature, wavelength, wavelength at a
maximum radiation, speed of light, Planck’s constant, and
Boltzmann’s constant, respectively.

As a result, the temperature at the arc plasma zone is
estimated to be approximately 5000 K at all conditions used
in this study. Such high temperature would be responsible for
vaporization of carbon anode, leading to emergence of car-
bon vapor which is essential for carbon nanostructure forma-
tion.

D. Model of water vapor diffusion and hydrogen
production

In a previous literature, a simple model was proposed to
estimate the quenching rate of carbon vapor to produce
SWCNHs.16 At that time, the temperature at the liquid-gas
interface was assumed to be the boiling point of water re-
gardless of bulk water temperature. However, this assump-
tion is insufficient for describing the results observed in this
study, in which the yield of SWCNHs and H2 production rate
are significantly dependent on the water temperature. To ex-
plain the present results, the temperature at the liquid-gas
interface at the lower end of the cathode hole must reason-
ably depend on the water temperature.

In this study, we modify the model, considering the tem-
perature profile in the narrow zone adjacent to the liquid-gas
interface in liquid phase. Here, the heat flux from the arc
plasma zone to the liquid-gas interface and the heat flux from
this interface to the bulk water are described by the heat
transfer coefficient multiplied by relevant temperature differ-
ence as driving force. These heat transfers are described by
Eqs. �6� and �7�.

Qg = kg�Tarc − Ti� + viAMgCvgTi , �6�

Qw = kw�Ti − Tw� + viAMwCvwTi . �7�

Q, k, T, v, A, M, and Cv are the heat flux �J m−2 s−1�, heat
transfer coefficient �J m−2 s−1 K−1�, temperature �K�, velocity
of gas or water at the interface to the axial direction �m s−1�,
area of the interelectrode space �m2�, mole density
�mol m−3�, and heat capacity �J mol−1�, respectively. The
subscripts g, w, arc, and i mean gas phase, liquid phase, arc
plasma zone, and liquid-gas interface, respectively. The
terms including vi represent the effect by convection. Tarc in
our condition is approximately 5000 K, as discussed in Sec.
III C. In fact, the liquid-gas interface fluctuates due to gas
flow. Nevertheless, the location of this interface is assumed
to be averagely constant for the simplified steady state ap-
proximation in this study. If the steady state condition is
applied, Qg must be equal to Qw.

FIG. 5. Optical spectra from arc plasma in conventional AIW and GI-AIW:
�1� GI-AIW at a water temperature of 2 °C, �2� GI-AIW at a water tem-
perature of 70 °C, and �3� AIW at a water temperature of 25 °C.

FIG. 6. �Color online� Model of the reaction field in GI-AIW with three
categorized zones and schematic image of the profiles of temperature and
water vapor pressure in the reaction field in the GI-AIW system.
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When the bulk water temperature reaches the boiling
point, the temperature of the liquid-gas interface should also
be equivalent to the boiling point Tb. Thus, a boundary con-
dition there can be considered as Eq. �8�.

Ti = Tw when Tw = Tb. �8�

From the relationship Qg=Qw with Eq. �8�, Eq. �9� can be
derived.

Ti = a + Tw�Tb − a�/Tb, �9�

where a is a complex of parameters

a = kgTarc/�kw + kg + viA�− MgCvg + MwCvw�� . �10�

The mass transfer rate of H2O in the direction from the
liquid-gas interface toward the quenching zone through the
downstream zone can be written as

NH2O = KpA�PH2O,i − PH2O,0� − �Av0PH2O,0/RT0

+ AviPH2O,i/RTi�/2. �11�

NH2O, Kp, PH2O,i, and PH2O,0 are the H2O mass transfer rate,
mass transfer coefficient, H2O partial pressure at the liquid-
gas interface, and H2O partial pressure at the bottom of the
quenching zone, respectively. The term including Kp repre-
sents the diffusion effect with a driving force, PH2O,i

− PH2O,0. The terms including v0 and vi represent the average
H2O transfer rate caused by the convection flow.

When H2 is produced, H2O vapor must be supplied from
the liquid-gas interface to the bottom of the quenching zone,
where H2 is produced. From Eq. �2�, the H2 production rate
rH2

is stoichiometrically equivalent to the mass transfer rate
of H2O, as described in Eq. �12�.

rH2
= NH2O. �12�

Here, we assume that the reaction of Eq. �2� is instanta-
neously fast so that the partial pressure of H2O at the bottom
of the quenching zone can be approximated to be zero �Eq.
�13��.

PH2O,0 = 0. �13�

Because the partial pressure of H2O can be estimated by
Antoine equation, PH2O,i �Pa� can be written as

PH2O,i = �1.013 � 106

760
�10x−y/�Ti−273+z�, �14�

where x=7.966 81, y=1668.21, and z=228, as reported in
Ref. 22. Summarizing all the equations above, the partial
pressure of H2O at the liquid-gas interface and the H2 pro-
duction rate can be described as Eqs. �15� and �16�.

PH2O,i = �1.013 � 106

760
�10x−y/�a+Tw�Tb−a�/Tb−273+z�, �15�

rH2
= �KpA − viA/2RTi�PH2O,i. �16�

In Eq. �16�, viA /RTi is equivalent to the mass flow rate di-
vided by the total pressure �mol s−1 Pa−1� based on the ideal
gas assumption �PV=nRT�. In the present study, the total
pressure in the gas stream can be considered to be nearly

constant at atmospheric pressure, and the mass flow rate of
N2 was also constant �0.003 47 mol s−1�. Thus, the value of
viA /RTi is determined as 3.4�10−8 mol s−1 Pa−1.

Ti and PH2O,i at each Tw can be estimated after two pa-
rameters �a and Kp� are determined by fitting the calculated
rH2

with the experimental values. Here, a and Kp are deter-
mined as 55 and 2.2 mol m−2 s−1 K−1, respectively. Figure 7
shows the calculated relationship between rH2

and PH2O,w,
which can show a characteristic of rH2

. PH2O,w here means
the vapor pressure of H2O directly estimated from bulk water
temperature, which can be calculated by substituting Ti by
Tw in Eq. �14�. In this figure, a calculated convex curve
compared with the experimental values indicates that the
present model can correlate the experimental results fairly
well. Once Ti is considered as Tb as assumed in our previous
model in Ref. 16, rH2

becomes constant at 9.8 mol s−1,
which is not consistent with the present experimental values.
Alternatively, if Ti is considered as Tw, the tendency in the
increase in rH2

seems linear, leading to an inconsistent result
according to the experimental values.

Based on our newly proposed model, it can be observed
in Fig. 8 that Ti is higher than Tw in all conditions used in our
experiments �Tw=2–79 °C�. Therefore, the vapor pressure
of H2O at the liquid-gas interface, PH2O,i, is obviously higher
than the vapor pressure estimated directly from water tem-
perature, PH2O,w. This figure also shows the well fitting of the
calculated rH2

with experimental values. As a result, it is
reasonable that the proposed model can predict the effect of
water temperature on the increasing vapor pressure of water
diffusing into the GI-AIW system, causing the hydrogen pro-
duction which will in turn hinder the formation of SWCNHs.

It should be recognized that the position of the interface
between the quenching zone and the downstream zone can
be considered to be changeable depending on the water tem-
perature. When the water temperature is high, the down-
stream zone that contains H2O diffusion becomes larger, re-
sulting in the position of this interface that is shifted upward.
When this shift occurs, the quenching zone will shrink. This
is why the production of SWCNHs is retarded with the el-
evation of water temperature in the present model. In the
mathematical equations, the position of this interface is not
apparently shown. However, this effect is included in the

FIG. 7. Relationship between H2 production rate and the water vapor pres-
sure directly estimated from bulk water temperature.
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parameter fitting work, as the mass transfer coefficient Kp

and the heat transfer coefficients kg and kw should be depen-
dent on the length of the downstream zone.

To improve the model, one may want to consider the
mass balance of carbon vapor and H2O in each reaction
zone. For this consideration, the concentration profile of car-
bon vapor should be discussed. At the present stage, this
aspect is not included in the model. However, there is an
information that gives a hint to consider this problem. In our
previous article,15 it is reported that the yield of bulky de-
posit containing multiwalled carbon nanotubes is about one-
order magnitude higher than that of SWCNHs. Such deposit
can attach to the surface of the cathode hole in the plasma
zone or sink down to the bottom of the water container after
it is peeled off. �It should be noted that such deposit is sepa-
rated from the powdery SWCNHs floating on the water sur-
face.� From the location of this deposit, it is reasonable that
the concentration of carbon vapor in the plasma zone is
dominantly higher than in the quenching and the downstream
zones. Even if the concentration of carbon vapor in the
plasma zone is very high, the carbon vapor there will not
contribute to the formation of SWCNHs because the produc-
tion of SWCNHs in this deposit is observed as negligible,
and most of the carbon vapor in the plasma zone should be
used to produce the MWCNT-including deposit. From the
comparison between the production rate of SWCNHs and
that of H2 in Fig. 4, their molar production rates seem to be
comparable averagely. �In this calculation, the molar produc-
tion rate of SWCNHs in carbon basis is derived by dividing
its mass production rate �g s−1� by the molar weight of car-
bon �12.01 g mol−1�.� From this comparison, mean molar
concentrations of carbon precursor and H2O in the SWCNH-

producing zones including the quenching zone and the
downstream zone can be considered as comparable.

The detailed mechanisms of the SWCNH formation and
the effects of the water vapor have not yet been clarified
even though the simplified model in the reaction field is es-
tablished in this study. Nevertheless, we consider a hypoth-
esis that SWCNHs may be formed from bubbled carbon
droplets generated from carbon vapor. It should be noted that
the round shape of ordinal bubble is stable, but the round
shape of carbon bubble is not stable because the graphene
sheet cannot be round without adding many defects. Instead,
horn or tube shape can be stable, and thus quenched carbon
bubbles may become agglomerated horn shape in self-
assembling way. In this way, horns are formed from the in-
side of carbon droplets by boiling. On the other hand, water
vapor may destroy the SWCNHs by encroaching from the
outside. Thus, the structure of SWCNHs may remain even if
SWCNHs are decreased by the reaction of water vapor.
However, it should be recognized that there is a limiting
value of water vapor concentration to preserve SWCNHs. If
the water vapor concentration is excessively high as ob-
served in the conventional AIW, SWCNHs cannot be formed
as mentioned above.

IV. CONCLUSIONS

The influence of the water temperature on the synthesis
of SWCNHs by GI-AIW was experimentally investigated to-
gether with the analyses of gas production and the optical
spectra from the arc plasma. The improved model of the
relevant reaction mechanism was proposed by taking into
account the diffusion of water vapor in the cathode hole in
the GI-AIW system. It was observed that the yield and the
production rate of SWCNHs were significantly decreased
with the increase in water temperature although the purity of
as-grown SWCNHs was independent of the water tempera-
ture. This result is ascribed to the reaction between carbon
vapor and water vapor in a zone around the interface be-
tween the so-called quenching zone and the downstream
zone inside the cathode hole. The present model can accept-
ably correlate the relationship between H2 gas production
and water temperature, which can affect the SWCNH forma-
tion.
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