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Abstract. The relationships between the enhanced interaction potential and intensive confinement effect of
slit-shaped and cylindrical nanospaces are shown. The structures of water molecules and aqueous ions con-
fined in nanospaces of activated carbon fiber (ACF) and single wall carbon nanohorn (SWNH)s were studied
by adsorption, in situ small angle X-ray scattering(SAXS), GCMC simulation, and EXAFS spectroscopy. Water
molecules are associated with each other to form the clusters, being stabilized in the carbon nanospaces. This
stabilization mechanism of water in carbon nanospaces were evidenced by the interaction potential calculation,
GCMC simulation, and the density fluctuation analysis of in situ SAXS. The Ornstein-Zernike analysis of in
situ SAXS profiles lead to the conclusion that the critical size of water clusters for predominant water adsorp-
tion in hydrophobic carbon nanospaces is about 0.5 nm corresponding to the octomer to decamer. The adsorp-
tion hysteresis of water adsorption isotherm of nanoporous carbon was interpreted by the cluster growth, which
is confirmed by the density fluctuation analysis. The Rb and Br ions confined in the carbon nanospaces were
examined by EXAFS spectroscopy. The remarkable decreases in the hydration number and the water-Rb ion dis-
tance of the solution confined in the nanospaces were observed. In particular, the hydration number of the Rb
ion in the nanospaces of SWNH is less than 3, being much smaller than the hydration number (6) of the bulk
solution. The electrical double layer structure in the nanospaces should be quite different from that in the bulk
solution.
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1. Introduction

Human is in the critical situation for harmonization
with earth environments. Hence science has a great
charge for such a social demand. Adsorption science is
one of key sciences, which is deeply associated with en-
ergy, resources, environmental, and medical technolo-
gies. Therefore, we need to continue to study adsorp-
tion science with the relevance to future contribution
to the preservation of earth environments. At the same
time, we must show new progresses in adsorption area
which can affect intensively the surrounding academic
regions. One possible approach is on solid nanospace
chemistry, which can offer a wide basis for molec-
ular science, catalysis science, interface chemistry,
solid state chemistry, electrochemistry, and solution
chemistry.

Solid nanospaces have an enhanced molecular field.
The interaction profile between the nanopore and a
molecule can distinguish monolayer process from con-
fined process in the restricted space; the monolayer pro-
cess can be regarded as the surface process, whereas
the confined process cannot be described by the ordi-
nary surface process. The typical confined processes
of molecules can be observed in nanopores whose pore
width is less than the double layer thickness of the
adsorbate molecule. Such a narrow nanopore must be
named nanospace. The strict nanospaces are limited
to nanopores whose width is less than bilayer thick-
ness of the molecule. However, the residual space be-
tween the monolayers on the pore walls can also offer
an enhanced interaction potential for molecules (Ohba
et al., 2000) and thereby the term of solid nanospaces
has been used even for pores whose pore width is
larger than the bilayer thickness of the molecule.
Kaneko et al. have been studying molecular assemblies
in carbon nanopores, showing that molecules form a
self-organized molecular assembly depending on the
molecule-pore wall interaction (Kaneko, 2000). Ac-
cordingly, if we can understand and control the unique
nature of nanospaces, we can develop new chemistry
and chemical engineering. For example, confinement
of supercritical gases such as methane and hydro-
gen is deeply associated with clean energy technology
(Menon and Komarneni, 1998; Ding et al., 2001). The
confinement of molecules often induces high pressure
reaction, which is named quasi-high pressure effect
(Imai et al., 1991; Nishi et al., 1997). At the same time,
the confinement of molecules in the nanospaces leads
to stabilization of unstable clusters or phase (Kaneko

et al., 1987) water in carbon nanospaces has a solid-
like structure (Iiyama et al., 1995, 1997), while ethanol
molecules form a highly oriented structure (Ohkubo
et al., 1999). The freezing temperature of organic sol-
vents is elevated in carbon nanospaces (Kaneko et al.,
1999; Radhakrishnan et al., 1999). Thus, nanospace
molecular science which is a new science born from
adsorption area has a hopeful guide line for new tech-
nologies.

In this paper, recent progresses on molecules and
ions confined in nanospaces of activated carbon fiber
(ACF) and single wall carbon nanohorn (SWNH) are
reviewed.

2. Enhanced Pore Potential Fields

The interaction potential profile of a molecule with
the pore can be obtained using Lennard-Jones(LJ) pair
potential-based function for slit and cylindrical pores.
In particular, well-known structure-less potential func-
tions have been available for calculation of the inter-
action between a molecule and the slit or cylindrical
carbon pore. In the case of the graphite slit pore which
is a model for activated carbon.

The steele 10-4-3 potential function �(z) gives the
interaction potential energy of a molecule distant from
the surface by z (vertical distance). Hence, the interac-
tion potential �(z)p of a molecule with two graphite
slabs is given by,

�(z)p = �(z) + �(H-z) (1)

Here H is the inter-graphite surface distance, which is
associated with the effective pore width w (being the
experimental pore width) using w = H − 0.24 (nm)
for a N2 molecule (Kaneko et al., 1994).

Figure 1 shows the interaction potential profiles
for N2-graphite slit pore system as a function of w.
The double potential minima disappear for pores of
w � 0.6 nm. Even the pore of w = 0.7 nm has no
distinct double minima. Therefore, the pores whose
width is less than about 0.6 nm can offer molecular
processes not including an explicit monolayer process.
Even the pores whose width is larger than 0.6 nm can
also offer a special potential filed, because the pre-
formed monolayer on the pore wall can provide a sin-
gle potential minima. Of course, the above critical pore
width depends on the adsorbate molecule and the solid
surface.
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Figure 1. Interaction potential profiles of N2 with graphite slit pore
as a function of effective pore width nm.

The potential profiles for a molecule in the cylindri-
cal pore and at the external wall surface of the cylin-
drical pore of structure-less single graphene sheet, be-
ing the model of single wall carbon nanotube (SWNT)
are obtained using the established potential function
(Tanaka et al., in press). The interaction potential pro-
files for N2 in the pore of SWNT as a function of wgive
tendency similar to those for N2 in the slit pore, al-
though the potential is much deeper for the same w

value; the potential of SWNT is deeper than that of the
slit pore for w = 0.7 nm by about 700 K. In the case of
single SWNT particle, the potential depth for an inter-
nal molecule is much deeper than that for an external
molecule; for example the potential depth difference is
about 1000 K for w = 2.5 nm. However, SWNTs al-
ways form the bundle structure. Therefore we must take
into account the interstitial pores among the SWNT
bundle. The interstitial pores of one-dimensionality
give deeper interaction potential than the internal tube
space, because the interstitial pore space is surrounded
by three or four convex SWNT walls.

3. Control of Open Nanoporosity of Single
Wall Carbon Nanohorns

Iijima clearly showed the structural uniqueness of
SWNT in 1991 (Iijima, 1991) and a variety of stud-
ies on SWNT have been carried out (Dresselhaus et al.,
1996; Saito et al., 1998; Tanaka et al., 1999). SWNT has
been produced with metallic catalysts and removal of
those catalysts is quite difficult (Yang, 1992); sufficient
amounts of highly pure SWNT are not available for ad-
sorption studies. Accordingly, reliable chemical studies
on SWNT are less advanced compared with physical

ones. SWNH was found in the arc-evaporated carbon
products with TEM in 1994 (Harris et al., 1994); it
was not available for other fundamental studies. Iijima
et al. succeeded to produce sufficient amount of highly
pure SWNH by laser ablation of pure graphite with-
out any metal catalysts (Iijima et al., 1999). An in-
dividual SWNH particle is composed of a graphene
sheet shaped into a tube with conical cap. The mean
diameter and length are 2–4 nm and 40–50 nm, respec-
tively. SWNH particles are associated with each other
to form a radial assembly with a spherical form having
a diameter of 80–100 nm. The recent X-ray diffraction
and N2 adsorption studies on the SWNH assemblies
showed the presence of a partially bundled structure
which provides quasi-one dimensional nanospaces of
the interstitial pores like SWNT (Ohba et al., 2001, to
be submitted), XPS and heat of wetting experiments
showed almost absence of surface oxygen on SWNH
(Bekyarova et al., 2002).

In this work, we oxidized SWNH at 663 and 823 K
under an oxygen atmosphere at the flow rate of 10 ml
min−1 for 10 min. The N2 adsorption isotherm of ox-
idized SWNH samples was measured at 77 K. The
SWNH samples were analyzed with DTA and TG sys-
tem under an oxygen atmosphere over the temperature
range of 373 to 1073 K. Figure 2 shows DTA charts

Figure 2. DTA charts of SWNH oxidized at different temperatures.

◦: close SWNH, �: SWNH oxidized at 663 K, �: SWNH oxidized
at 823 K.
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of as-received SWNH and SWNH oxidized at 663 and
823 K. The DTA chart of the as-received SWNH has
four peaks at 594 K (peak 1), 744 K (peak 2), 837 K
(peak 3), and 944 K (peak 4). The peak 1 of SWNH oxi-
dized at 663 K and 823 K disappears. The DTA chart of
SWNH oxidized at 823 K has predominat peaks 3 and
4; the peak 2 almost disappears. The peak 1 and peak 2
can be assigned to oxidation of amorphous carbon and
corn parts of non-hexagons, respectively. The examina-
tion of these treated samples with Raman spectroscopy
and X-ray diffraction gave the conclusion that the peak
3 and peak 4 stem from the oxidation of tubular carbons
and graphite core, respectively. SWNH contains amor-
phous carbon (2 wt.%) and graphite core (12 wt.%),
although SWNH is chemically pure. As the specific
surface area of the graphite core is nil, the contribution
to adsorption can be neglected. We did not correct the
contribution by amorphous carbon to gas adsorption on
SWNH samples, because SWNH itself has nanopores
of high surface area.

4. Organization of Molecules and Ions
in Graphitic Nanospaces

These authors have studied the structures of molecules
confined in graphitic slit nanospaces of activated car-
bon fiber (ACF) for CCl4, Xe, N2, O2, NO, SO2, He,
water, and alcohol. CCl4 molecules are nonpolar and
roughly spherical and form a specific assembly struc-
ture of the low temperature solid phase of bulk CCl4 in
the carbon nanospaces at 303 K (Iiyama et al., 1997;
Suzuki et al., 1999). Even Xe forms clusters of a vari-
ety of association number in the nanospaces at 303 K
(Aoshima et al., 1999). O2 forms inherent spin clus-
ters, which are affected by coexistent CO2 (Tohdoh
and Kaneko, 2001). NO molecules are dimerized in the
nanospaces even at supercritical conditions (Kaneko
et al., 1987). Water molecules in the carbon nanospaces
provide an ordered structure similar to solid even at
303 K and the confined water does not freeze even at
143 K (Iiyama et al., 2001). The adsorbed density of
C2H5OH in the slit-shaped nanospaces is close to the
solid density of C2H5OH at 303 K; the X-ray diffrac-
tion study provides that C2H5OH molecules form a
highly oriented structure along the pore wall. The ori-
entation of alcohol molecules of CH3OH, C2H5 OH,
and C3H7OH in the slit-shaped pores depends on the
chain length (Ohkubo et al., 2001).

The authors have started the studies on nanospace
molecular science on SWNH which has well-

characterized nanospaces than ACF. Recent studies
showed that the adsorbed H2 density in the nanospaces
of SWNH at 20 K is close to the bulk solid density
and quantum effect is quite essential in the nanospaces
(Tanaka et al., in press), and quantum molecular sieving
effect in H2 and D2 adsorption on SWNH is remark-
able even at 77 K (Tanaka et al., to be submitted). The
unique adsorption mechanism of supercritical H2 in
the nanospaces of SWNH is observed (Murata et al.,
2002).

In this article, recent results on cluster-associated
water adsorption and ionic solution confined in
nanospaces of ACF and SWNH are described.

4.1. Cluster-Aided Water Adsorption
in Hydrophobic Nanospaces

A water drop is stable on the surface of the highly ori-
ented pyrolytic graphite, indicating that carbon without
surface functional groups has a typical hydrophobic-
ity. However, water vapor is predominantly adsorbed
on activated carbon of a few surface functional groups.
The maximum adsorption volume of water vapor on
activated carbon is almost equal to the micropore vol-
ume, assuming that the density of adsorbed water is
the bulk liquid density. The adsorption on activated
carbon of surface functional groups begins from the
low relative pressure P/Po (Kaneko et al., 1989, 1999;
Mowia et al., 2003), where as the predominant adsorp-
tion starts near P/Po = 0.5 for activated carbon free of
surface functional groups (Ohba et al., in press; Kimura
et al.).

The established mechanism of water adsorption on
activated carbon comes from the presence of sur-
face functional groups; water molecules are adsorbed
on the surface oxygen sites of carbon pores through
hydrogen bonding, forming the clusters of adsorbed
molecules (Dubinin et al., 1955; Mowia et al., 2003).
However, water vapor can be adsorbed on activated
carbon treated at high temperature in a hydrogen at-
mosphere. Also, water vapor cannot be adsorbed in
mesopores at P/Po corresponding to the pore width,
but only in micropores for activated carbon aerogels
(Hanzawa and Kaneko, 1997). Consequently, Kaneko
et al. proposed the hypothetical stabilization mecha-
nism of water clusters in carbon micropores (Kaneko
et al., 1999). Recently, Ohba et al. calculated the total
interaction potential profiles of a cluster with carbon
slit pore using TIP5P and steele 10-4-3 function (Ohba
et al., 2004).
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Figure 3. Total potential profiles of a water molecule of the cluster
with graphite slit pore. ◦: Tetramer, �: Octamer, - - - -: Monomer.

Figure 3 shows the total potential profiles for a water
molecule of the tetramer and octamer with the graphitic
slit space of w = 1.1 nm together with the interac-
tion potential profile of a single water molecule. As
the tetramer and octomer are larger than the single
molecule, the position of the potential minimum shifts
from the monolayer position for the single molecule
near the center of the slit space. The water molecules get
a great stabilization energy through cluster formation.
That is, water molecules gain an apparent hydropho-
bicity through cluster formation; the interaction energy
of the octomer is more than 3500 K.

In situ small angle X-ray scattering (SAXS) provides
the correlation length and the density fluctuation with
Ornstein-Zernike analysis (Iiyama et al., 2001, 2004).
The in situ SAXS measurement of water confined in
nanospaces of ACF at different fractional filling leads
to the presence of the critical correlation length, which
is evaluated to be the unit cluster size of 0.5 nm. The
size of the octomer to decamer is about 0.5 nm in diam-
eter. Accordingly, the critical unit size of water clusters
should be the octomer to decamer. At the same time,
GCMC simulation of water adsorption in a graphite
slit pore at 303 K gives an almost vertical adsorption
isotherm near P/Po = 0.5, agreeing with the observed
desorption isotherm on ACF. The snapshot of water
molecules in the nanospace from the GCMC simula-
tion shows the growth of water clusters along the verti-
cal adsorption. Thus, water adsorption mechanism on
carbon nanospaces can be understood in terms of the
formation of water nanoclusters and their growth.

Similar approaches were carried out for water ad-
sorption on SWNH assemblies. Water vapor can be
adsorbed on SWNH assemblies irrespective of almost

Figure 4. Adsorption isotherm of water on open SWNH at 303 K;

•: Adsorption and ◦: Desorption.

nil of surface functional groups (Bekyarova et al.,
2002). Figure 4 shows water adsorption isotherm of
open SWNH at 303 K. The open SWNH was obtained
by oxidation at 823 K. Adsorption on open SWNH
includes adsorption in interstitial nanospaces and in-
tratube nanospaces. However, adsorption amount in
interstitial nanospaces is 20% of that in the intratube
nanospaces; the adsorption isotherm in Fig. 4 can be
regarded as adsorption in intratube nanospaces approx-
imately. There is a predominant adsorption increase
above P/Po = 0.7, accompanying with an explicit ad-
sorption hysteresis. As the pore size of SWNH assem-
blies distributes from subnanometer to nanometer due
to the distribution of the tube diameter. The small clus-
ters are isolated each other and they grow gradually
until about P/Po = 0.7, merging to provide the abrupt
adsorption increase.

The water adsorption in intratube nanospaces of
open SWNH was examined with in situ SAXS, lead-
ing to the relationship between the density fluctuation
and fractional filling of the nanospaces with molecules.
The density fluctuation increases up to 1.6 around 0.45
of fractional filling and then decreases to 1.2 at the
perfect filling on the course of adsorption process. On
the course of desorption, the density fluctuation has al-
most constant value of 1.2 until 0.3 of fractional filling
and then reduces to 1 at zero of the fractional filling.
An alternately arranged cluster model gives 1.6 of the
density fluctuation, whereas the monolayer adsorbed
model provides 1.0 of the density fluctuation. This sim-
ple geometrical distribution of clusters or molecules is
briefly close to the snapshots obtained by the GCMC
simulation. Therefore, water molecules form the clus-
ters, which are isolated with each other at the half
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fractional filling; with increasing the fractional filling,
the clusters merge each other to form uniform adsorbed
layer in the nanospaces for adsorption process. On the
other hand, water molecules are detached from the uni-
form adsorbed layer through the monolayer structure
for desorption.

4.2. Partially Dehydrated Structure of Ions
Adsorbed in Carbon Nanospaces

Adsorption of heavy metal ions is one of important
research subjects in adsorption science. However, al-
most all adsorption studies just measure the adsorption
isotherm of metal ions on the target materials as a func-
tion of pH. In adsorption from solution, competitive
adsorption of solvent molecules and solvent-adsorbate
interaction must be taken into account. A specific ap-
proach to elucidate adsorption from solution must be
introduced. Although spectroscopic and nanoscopic
techniques have been applied to liquid phase adsorp-
tion on the flat solid surfaces, liquid phase adsorption
in nanopores still wait for pioneering researches using
an appropriate technique. Recently, we have an inten-
sive demand for fundamental study on supercapaci-
tors which are hopeful clean energy storage devices
for automobiles. The electrolytic solution is introduced
in the nanopores of conductive materials (nanoporous
carbons in almost cases), providing the superhigh ca-
pacitance due to the electric double layer on the elec-
trodes of the great surface area (Oren and Soffer, 1985;
Tanahashi et al., 1990). However, the electric double
layer concept stems from the macroscopic structure
and we do not understand the electric double layer
of “electrolytic solution” confined in the nanopores.
Development of a higher performance-supercapacitor
device needs better understanding of “electric double
layer structure” of ions in the nanospaces. The struc-
tural studies on electrolytic solution confined in solid
nanospaces have been requested. Here, we name the
confined solution as nanosolution (NSN).

We have tried to determine the hydration structure
of ions in the carbon nanospaces using X-ray absorp-
tion spectroscopy. In particular, EXAFS provides the
local structure around the target ion. The EXAFS was
applied to the model NSN of RbBr in nanospaces of
ACF (Ohkubo et al., 2002, 2003) and SWNH, because
both ions have larger atomic numbers, leading to re-
liable data of X-ray absorption. Here, ionic radii of
Rb+ and Br− are 0.149 and 0.195 nm, respectively. We
used ACFs of which average pore width are 0.7 nm

and 1.1 nm, respectively. Also close and open SWNH
samples were used. The close SWNH has the quasi
one-dimensional interstitial nanospaces of which pore
width is 0.6 nm. The carbon sample was dipped in
1 M solution and dried. Water vapor was adsorbed on
the RbBr dispersed carbon samples, providing RbBr
nanosolution in the nanospaces. The high dispersion
state of RbBr on carbon samples was confirmed by
use of EXAFS in advance. EXAFS of the Rb K-edge
(15.2036 Kev) and Br K-edge (13.4799 Kev) were mea-
sured using a specially designed sample cell with Mylar
film windows at KEK, Tsukuba.

Figure 5 shows the radial structure functions of bulk
solution (IM) and NSN (IM) in nanospaces of open
and close SWNH samples. The difference in these ra-
dial structure functions must be elucidated by the es-
tablished fitting procedure. The radical structure func-
tions of confined solutions around Rb and Br ions after
the least square fit of Fourier Filtered EXAFS spectra
were determined, leading to the local structure param-
eters. The analysis of the EXAFS oscillation around
a Br ion could not provide highly reliable results and

Figure 5. Radial structure functions around a Rb ion for nanosolu-
tion prepared in nanospaces of SWNHs.
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Table 1. Hydration number of the Rb ion and water-Rb
ion distance.

Solution r(Rb O)/nm N(Rb O)

NSN of ACF-1.1 nm 0.284 5.3

NSN of ACF-0.7 nm 0.285 3.9

NSN of close SWNH 0.290 2.6

NSN of open SWNH 0.293 2.6

Bulk solution 0.320 6.0

thereby local structure parameters around a Rb ion will
be given below.

Table 1 shows structural parameters of Rb-O dis-
tance r(Rb-O)(O denotes an oxygen atom of a water
molecule) and coordination number around a Rb ion
N(Rb-O) (hydration number). The Rb-O distance of
confined solution is smaller than that bulk solution by
more than 0.03 nm. Hence, the first hydration shell of
the Rb ion must shrink in the nanospaces. The differ-
ence in the Rb-O distance for ACF and SWNH is not
so great. A remarkable decrease in the hydration num-
ber of confined solution is observed. As the hydration
number in the bulk solution is not uniquely established,
we assumed six of the hydration number of the bulk
solution.

The hydration number of a Rb ion confined in the
slit nanospace of w = 0.7 nm is only 3.9, being much
smaller than the bulk value. The slit nanospace of
w = 1.1 nm gives 5.3 of the hydration number. The
hydration number of the Rb ion in the interstitial and
intratube nanospaces of SWNH assembly is only 2.6,
suggesting the possibility of dehydration along the one-
dimensional space in part. Both of r(Rb-O) and N(Rb-
O) evidence that local structures around the Rb ion in
the nanospaces are completely different from those in
the bulk phase. Therefore, we cannot extend the elec-
trical double layer concept in the bulk phase to solu-
tion confined in the nanospaces; a more dense ionic
state is realized in the nanospaces. The EXAFS gives
another structural parameter, the Debye-Warrer(DW)
factor which is associated with thermal fluctuation. A
smaller DW value indicates presence of a more orga-
nized structure around the target atom. The DW factors
of confined solution are smaller than that of the bulk so-
lution. In particular, the DW factor of solution confined
in the nanospaces of SWNH was much less than that
of the bulk value. Therefore, water molecules around
hydrated ions should form a highly ordered struc-
ture, which should be solid like (Iiyama et al., 1985).

We have extended this study to transition metal ion
solution.
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