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ABSTRACT The hydrogen physisorption properties in single-
walled carbon nanotube (SWNT) based materials were char-
acterized. The SWNTs were highly purified and three useful
pores for hydrogen physisorption were activated. Hydrogen
was physisorbed in intra-tube pores at room temperature and
the capacity was estimated to be about 0.3-0.4 wt. % at room
temperature. The adsorption capacity can be explained by the
Langmuir model. The intra-tube pores have large adsorption
potential and this induces hydrogen physisorption at compara-
tively higher temperatures. This fact indicates the importance of
fabricating sub-nanometer ordered pores for this phenomena.

PACS 51.30.+i; 51.90.+1; 81.05.Tp; 81.07.De

1 Introduction

Since their discovery in 1991 [1], carbon nanotubes
have attracted much expectation to store hydrogen because
they have cylindrical structures and hollow spaces inside of
their sidewalls. Novel carbonaceous materials for hydrogen
storage are strongly needed for fuel cell (FC) devices because
conventional hydrogen storage materials are too heavy for
compact FC devices and, on the other hand, carbon is light,
stable and abundant.

The pioneer work by Dillon et al. [2] on the possibil-
ity of 5-10 wt. % storage in single-walled carbon nanotubes
(SWNTs) [3] at room temperature aroused interest towards
SWNTs and other carbonaceous materials in this research
field [4—7]. However, it was very difficult to fabricate appa-
ratus for precise measurements because the leakage problem
of high-pressure hydrogen was serious, and much attention
should have been paid to the measurement of the change of
introduced hydrogen pressure because, in some cases, the
temperature dependence of hydrogen pressure (before equi-
librium) was believed to be the evidence of hydrogen sorp-
tion. In addition, the lack of understanding about sorption
prevented the obtainment of reliable results (for instance the
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origin of abnormally high value of sorption cannot be fully
explained). Thus, further efforts were awaited for establish-
ment of fully reproducible and convincing data [8—13]. In
particular, a question remained as to whether the adsorption
site for hydrogen existed in carbon at moderate temperature.
At present, about 7 wt. % of hydrogen desorption from nano-
graphite at high temperature (~ 700 K) [14] and the storage of
8 wt. % of hydrogen in SWNTs at low temperature (80 K) [15]
have so far been believed to be reliable.

This report is focusing on detailed analyses of hydro-
gen adsorption in carbon nanotube systems and its mechan-
isms. Hydrogen physisorption at room temperature was char-
acterized by using SWNTs and Cgy encapsulated SWNTs
(peapods), and the physisorption was achieved by fabricating
and activating sub-nanometer scaled pores. The adsorption
potential of the pores was estimated to be about —0.21 eV and
this large potential induced the physisorption [16, 17]. Mo-
lecular dynamics of hydrogen adsorbed in the pores was also
characterized by nuclear magnetic resonance and the result
suggested the hydrogen strongly interacts with the sidewalls
of the SWNTs [18]. Future prospects and a guideline of ma-
terial designing are summarized in the end of the report.

2 Experiments

SWNTs were synthesized by Nd : YAG laser ab-
lation using Ni/Co catalysts. The metal/carbon target was
heated to 1200 °C in a furnace. The diameter of the SWNTs
is typically 1.4 nm. For purification, carbon soot containing
the SWNTs was refluxed in an aqueous solution of H,O,
for 3h. After removal of any amorphous carbon, the sam-
ple was treated with HCI overnight to eliminate the remain-
ing catalytic metals. A thermo-gravimetric analysis of this
product showed that the metal contents were decreased less
than 3 wt. %. For further purification, the purified SWNTs
were treated with aqueous NaOH [16,19,20]. Small par-
ticles of by-products in the H,O, purification, amorphous
carbon, which covered a surface of the SWNTs and occu-
pied inter-tube pores, were removed in this process by ul-
trasonication in the NaOH (pH=10-11) for 2 h. The effect
of the NaOH treatment was checked by the change in Ra-
man spectra. The intensity ratio of the G- to the D-band
(G/D) changed from 50 to 90 after this treatment; this ob-
servation indicates that the amorphous carbon particles were
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removed and the SWNTs were cleaned. Transmission elec-
tron microscopy (TEM) measurements also verified the clean-
ing of the SWNTs. Figure 1 shows that amorphous carbon
particles coated the surface of the SWNTs before treatment,
whereas they were removed and the sidewalls of the SWNTs
were clearly seen after the treatment. It is concluded from
these characterizations that the NaOH treatment is effect-
ive for cleaning the sidewalls and that the resulting SWNT-
bundles have minute inter-tube pores suitable for hydrogen
adsorption.

A peapod is a new form of a SWNT-based material which
has unique physical properties [21-28]. The inside of peapods
is filled with Cgy molecules (or other fullerenes and metallo-
fullerenes) and peapods differ from SWNTs only in this struc-
tural point. This structural difference is suitable to examine
the gas adsorption sites in SWNT-based materials. In this
work, peapods (Ceo @SWNTSs) were synthesized [23] from
the same batch of the SWNTSs after the NaOH treatment. The
filling rate of Cgps in the SWNTSs was estimated to be about
85% [24]. After washing the sample by toluene to remove un-

b

FIGURE 1 TEM photographs of purified SWNTs. a Before NaOH treat-
ment, in which case many tube sidewalls were covered with amorphous
carbon clusters. b After NaOH treatment, by which carbon clusters were
removed and sidewalls were clearly seen

Synthesis of SWNTs

H202, reflux, 3 h

overnight

NaOH, ultrasonication,

HC1,

2 h

heat treatment in vacuum
923 K, 1 h, 10°2 pa

SWNT-bundle sample

peapod synthesis

+ toluene washing

heat treatment in vacuu
923 K, 1 h, 10°2 pa

peapod sample

FIGURE 2 Detailed procedures for a sample preparation

reacted Cgp on the sidewalls [23], the sample was heated in
a vacuum to completely eliminate the toluene. The whole pro-
cedure for sample preparation is summarized in Fig. 2.

Hydrogen desorption was studied by a custom-made
temperature-programmed-desorption (TPD) system, by
which desorption of the gaseous species was measured as
a function of temperature under about 1073 Pa [2]. A pretreat-
ment condition of the samples was T = 873K, P = 1074 Pa
for 1 h. The pretreatment of the sample is a critical procedure
for the adsorption and desorption of hydrogen. The purity of
hydrogen was 99.99999%. The applied pressure was 6 MPa
and ca. 0.1 MPa at room temperature, and the pressure depen-
dence of the hydrogen desorption can be of help to distinguish
whether hydrogen was extrinsically introduced or not.

Hydrogen adsorption capability was measured up to
9 MPa, and care was taken to eliminate the leakage of the sys-
tem for precise measurements. The amount of the SWNTs
was increased to about 1 g to suppress the error bar, and the
volume of the applied hydrogen was evaluated with allowance
for the temperature effect and by taking sufficient time to let
hydrogen reach equilibrium.

A nuclear magnetic resonance (NMR) study was carried
out to obtain information about the molecular dynamics of the
hydrogen trapped in the inter-tube pores, as in the case of Hp
in a Cgp solid [29]. We performed a solid-state 'H magic angle
spinning (MAS) NMR observation of the hydrogen at 293 K
with a CMX-300 Infinity (Chemagnetics Co.; 298.99 MHz)
after introducing hydrogen at 9 MPa for 5 days. The MAS was
adopted at 3000 rpm because of the low intensity of the spec-
tral pattern of the powder. The inversion recovery method was
used for determination of the spin-lattice relaxation time, 77,
with the application of a 7/t/7/2 pulse sequence. Therefore,
the T} obtained under rotation is T1,.
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3 Results and discussion

3.1 Sorption mechanisms

Before showing experimental results, we discuss
mechanisms of adsorption. Physisorption and chemisorp-
tion are possible mechanisms of hydrogen adsorption. In
chemisorption, hydrogen is covalently bonded with host ma-
terials and desorption temperature is too high (> 500 K) for
commercial use. In physisorption, van der Waals force be-
tween hydrogen molecules and the host materials is a main
force in stabilizing hydrogen on the surface. The desorp-
tion temperature is generally near room temperature, and so
physisorption is much more preferable for industrial applica-
tions. Thus, we focus only on the physisorption of hydrogen
in SWNTs.

Physisorption is controlled by a relation between the
chemical potential of gases, u, and adsorption potential of
solids, €. Coverage of adsorption sites, f,is determined by the
Langmuir adsorption isotherm, typically

1

=—. 1

[+ exp (50) M
When ¢ = p, the coverage is equal to 0.5 and this means about
4 wt. % of hydrogen adsorption. Temperature and pressure de-
pendence of the chemical potential of hydrogen gas, ., shown
in Fig. 3, was calculated by using the experimental values of
enthalpy, H, entropy, S, taken from [30] and (2),

G=H-TS,
G

n= 2
n

where G is Gibbs free energy and » is a number of molecules.
The adsorption potential of the inside and outside of an indi-
vidual SWNT has been estimated to be at most —0.09 eV [31].
Thus, one can see that hydrogen adsorption on the outer
surface and the intra-tube pores can occur only at low tem-
perature. According to Ye et al. [15], the hydrogen adsorption
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FIGURE 3 Temperature dependence of the chemical potential of hydro-
gen, w. Open circles, crosses and open squares represent ¢ at 0.1, 1 and
10 MPa, respectively

amount at 80 K is about 8 wt. %, the coverage f being nearly
equal to 1. This value seems to be a reasonable estimate, be-
cause the chemical potential of hydrogen is small enough at
such a low temperature. To the contrary, one cannot expect
hydrogen physisorption at room temperature unless the ad-
sorption potential is significantly enhanced by modification
of adsorption pore structures. In our material systems, the
inter-tube pores are small enough and one can expect that they
have large adsorption potential, as mentioned in the following
subsections.

3.2 Experimental evidence for hydrogen physisorption

at room temperature

3.2.1 Results of TPD analyses. Figure 4a-d shows TPD pro-
files of gas desorption from the SWNTSs and the peapods after
application of 6 MPa and ca. 0.1 MPa of hydrogen. Hydro-
gen desorption was observed around 350 K from the SWNTs
and the peapods which experienced only the application of
high-pressure hydrogen. This fact suggests that hydrogen was
introduced extrinsically and adsorbed at room temperature.
Water desorption was observed only from the SWNTs, and
the appearance of the peak was independent of the hydrogen
pressure. These facts suggest that all sites in peapods for wa-
ter adsorption were fully occupied by Cg molecules so that no
more spaces were available.

The similarity of the hydrogen desorption profiles ob-
tained from the SWNTs to that of the peapods suggests that
the hydrogen adsorption sites in these samples are essentially
the same. Because Cgy molecules are embedded inside the
tubes, the inside of the tubes cannot contribute to hydrogen
adsorption. Moreover desorption temperature of about 350 K
excludes the possibility of surface adsorption. Therefore, the
possible sites for hydrogen adsorption are the inter-tube sites
in the bundles.

Figure 5 shows size comparison of the inter- and intra-
tube pores in SWNT-bundles. SWNTs form a triangular lat-
tice, and the pore size can be estimated by taking the van der
Waals radii of carbon atoms into account. Because the diam-
eter of the SWNTs is 1.4 nm, the size of the inter-tube pores
is about 0.2—0.3 nm, while the size of the intra-tube pores is
about 1 nm. On the other hand, the size of water and hydrogen
molecules is 0.39 and 0.24 nm, respectively. This comparison
indicates that the inter-tube pores can adsorb hydrogen only
when high-pressure hydrogen is applied, whereas they cannot
store the water molecule because it is too large to penetrate
into the inter-tube pore. Here, the size and the adsorption po-
tential of the intra-tube pore are 1 nm and — 0.09 eV, respec-
tively. Because the size of the inter-tube pore is 0.2—0.3 nm,
one can expect that the pores have larger adsorption potential
which allows hydrogen physisorption. In the next subsection,
we discuss a mechanism of the hydrogen adsorption.

3.2.2 Adsorption mechanisms. To determine the adsorption
mechanism, a desorption energy analysis is a commonly used
procedure. The relationship of the desorption energy, Eq4, the
heating rate, 8, and the temperature at the desorption peak
maximum, Ty, is represented as [32]
T2 R Eq
expl — |,
RT,

=B 3)



950 Applied Physics A — Materials Science & Processing
I I
El
&
=
5
7]
5
=
1 1
300 350 400 450
a Temperature (K)
T T
3 i
&
= ]
5
E - -
E | " |
2
| |
300 350 400 450
b Temperature (K)
1 |
T T -
=
= - =
5
2
E
300 350 400 450
c Temperature (K)

FIGURE 4 TPD observations for hydrogen and water. a Desorption from
the SWNTs after application of 6 MPa hydrogen. Both hydrogen and water
were desorbed. b Desorption from the peapods after application 6 MPa hy-
drogen. Only hydrogen was desorbed. ¢ Desorption from the SWNTs after
application 0.1 MPa hydrogen. d Desorption from the peapods after applica-
tion 0.1 MPa hydrogen
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where R is the gas constant and 7 can be interpreted as the
mean lifetime of the gas molecules adsorbed on a surface.
The desorption energy is evaluated by changing the heating
rate, as shown in Fig. 6. The estimated energy, 0.21 eV, clearly
indicates that the adsorption mechanism is physisorption; if
hydrogen were chemisorbed, the value should be about 10
times larger. In addition, when deuterium instead of hydrogen
was introduced in the SWNTSs, a similar desorption peak at
350 K was observed and the desorption energy was estimated
to be about —0.20eV. From these experimental results, we
can conclude that hydrogen (and deuterium) is physisorbed at
room temperature. This is the first reliable report on the hydro-
gen physisorption at room temperature by using well-purified
SWNTs.

The estimated desorption energy can be regarded as the
adsorption potential of the inter-tube pores when the surface
of the pores is clean enough [32]. Equation 4 shows a relation
between the desorption energy, Eq, the activation energy for
adsorption, E,, and the heat of adsorption, g,
Eq=E,+q. )
When the surface is clean, E, is nearly equal to zero and
q is equal to the desorption energy. In this work, the sur-
face of the SWNTs was rinsed by NaOH and it was clean
enough. Thus, the measure E4 can be regarded as the ad-
sorption potential of the hydrogen adsorption sites, &. As
a result, the adsorption potential of the inter-tube pores is
about —0.21eV. This value is about 2.3 times larger than
the calculated value of the intra-tube pores (—0.09 €V), and
the minute inter-tube pores (0.2-0.3 nm) surely have larger
adsorption potential. Murata et al. calculated adsorption po-
tential of pores in nitrogen/single-walled carbon nanohorns
(SWNHs) system [33]. Although the size of SWNH is 2 nm
and the interaction between N, and SWNHs was focused,
the ratio between the adsorption potential of the inter- and
intra-nanohorn is 1.8, and this has good accordance with our
experimental result.

3.2.3 Hydrogen adsorption capability and validity of our
model. Figure 7 shows the hydrogen adsorption capability of
the SWNTs. The amount of adsorbed hydrogen depends on
the applied hydrogen pressure, and the storage of hydrogen at
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9 MPais about 0.3 wt. %. In this experimental scheme, hydro-
gen is adsorbed only in the inter-tube pores. The maximum
amount of the adsorbed hydrogen in the inter-tube pores is
limited and estimated to be about 0.8 wt. % [34]. This means
that the coverage of the pore is about 0.38 in our experiments.
Figure 9 shows the comparison of the adsorption potential of
the inter-tube pores and the chemical potential of hydrogen.
The coverage of the inter-tube pores at 300 K and 10 MPa,
f =0.31, as estimated from the  value in Fig. 8 and the ex-
perimental ¢ value, is comparable with the measured value,
0.38. This similarity corroborates our experimental results
and the Langmuir model used in this study. The correspond-
ing coverage for the intra-tube pores, f = 0.0044, is smaller
by two orders of magnitude, though the adsorption potential
of the inter-tube pores is at most 2-3 times as large as that of
the intra-tube pores. In other words, only a small difference
in ¢ induces a major difference in f. Therefore, fabrication
of minute pores, with 0.2-0.3 nm of size and with large ¢, is
indeed a crucial factor to achieve hydrogen physisorption at
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FIGURE 7 Amount of adsorbed hydrogen (wt. %) against applied hydro-
gen pressure, P. The error bar is estimated to be 0.03% from the precision
of the pressure gauge
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FIGURE 8 Comparison of the adsorption potential of the inter-tube pores
and the chemical potential of hydrogen

room temperature. This indicates importance of fabricating
“sub-nanometer ordered” spaces.

3.2.4 A NMR study on hydrogen trapped in SWNT-bundles. In
the previous subsections, physisorption of hydrogen in
SWNTs was analyzed in detail. The next concern is the
condition under which hydrogen exists in the pores. In this
subsection, a NMR characterization of the adsorbed hydro-
gen in the inter-tube pores is discussed. A NMR study can
give information about the molecular dynamics of hydrogen
trapped in hollow spaces, for instance, an interstitial site in
solid C@O [29].

Figure 9a and b show the 'H MAS NMR spectra ob-
served for the no-H, adsorbed sample (sample A) and the
Hj;-adsorbed sample (sample B). A clear peak at 5.1 ppm was
observed in sample B, although no peak was visible in sample
A. It is notable that the peak position is close to that for water
molecules [35]. Actually, liquid water has a peak at 4.96 ppm
at 296.3 K. To confirm whether the peak is attributable to hy-
drogen or water, sample B was exposed to SO, gas mixed
with the same volume of dry N, gas for 3.5 h. If the peak at-
tributes to the remaining water molecules in the sample, the
water would easily interact with the SO, gas and the peak
would change or it would disappear. After 3.5 h exposure, no
change in the peak position or the peak shape was observed
(Fig. 9¢). From this result and the fact that no peak was ob-
served in sample A, it is concluded that the peak at 5.1 ppm
is attributable to hydrogen molecules in the inter-tube pores.
The value, 5.1 ppm, is comparable with the previously re-
ported value of hydrogen molecules loaded in silica, 4.8 £
0.2 ppm [36,37]. In that work, hydrogen was loaded in the
non heat-treated silica at 1.09 MPa for 70 days. As discussed
later, the relaxation time 7 in both cases is also very similar.
The similarity also supports the validity of our experimental
results.

Hydrogen is trapped in the inter-tube pores, as mentioned
above. Judging from the size of the pores, hydrogen is trapped
in the minute pores and it can interact strongly with the side-
walls of the SWNTSs. The spin-lattice relaxation time, 77, can
be a good index of the strength of interaction in this case.
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FIGURE 9 NMR signals of hydrogen in SWNTs bundles. a Sample A
(non-adsorbed). b Sample B (adsorbed). ¢ NMR signal from the sample B
after exposure to a SO, and N, mixture for 3.5 h

Figure 10a shows the inverse recovery of the NMR signals,
and the time dependence of the normalized peak intensity is
shown in Fig. 10b. In Fig. 10b, the difference between the
initial and the final intensity is regarded to be M, and the dif-
ference between the initial and the time-dependent intensity at
each measuring time is normalized by M. From this result, T;
is estimated to be about 0.1-0.2 s. T} of hydrogen molecules
in a-Si and in silica is about 0.45s [38] and 1s [36], re-
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FIGURE 10 a The inverse recovery of the NMR signals in sample B. b The
time dependence of the normalized peak intensity

spectively. In both cases, the hydrogen molecules exist in the
minute space, for instance, interstitial sites. In our case also,
hydrogen is trapped tightly in the minute spaces. Therefore,
the similarity of 7 in each case can be explained by the sim-
ilarity of circumstances where the hydrogen molecules exist.

4 Conclusion

In this report, the adsorption of hydrogen in
SWNTs and its mechanisms were studied, and the first hy-
drogen physisorption at room temperature in the well-purified
SWNTs and peapods was achieved by using NaOH-rinsed
SWNTs. Hydrogen was adsorbed in the inter-tube pores of
the SWNT-bundles, because the pores are 0.2—0.3 nm in size
and, therefore, they have sufficiently large adsorption poten-
tial (—0.21eV) for the achievement of physisorption. This
suggests the importance of sub-nanometer ordered spaces. By
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the 'H MAS NMR measurements, it was clarified that the ad-
sorbed hydrogen strongly interacts with the sidewalls of the
SWNTs as the hydrogen does in silica and a-Si. Until this
work, the research topic of hydrogen storage in SWNTSs was
not conclusive, but we believe that this work can be of help to
understand the fundamental mechanisms.

The most important point of hydrogen physisorption in
SWNT systems is to fabricate and activate minute pores.
At present, the intra-tube cannot be available because they
are too large for hydrogen. However, if one can succeed
in synthesizing small-sized-materials encapsulated SWNTs,
the intra-tube pores also become suitable spaces. Similarly,
double-walled carbon nanotubes (DWNTSs), SWNTs with
very small diameter seem to be promising candidates. “Nano-
technology” is becoming a key term of science now, but we
would like to emphasize that “Sub-nanotechnology” is also
important in this field.
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