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The structure of nanometer-order sulfuric acid solution in
carbon micropores is investigated by large- and small-angle
X-ray scattering experiments. The electron radial distribution
function of the nanosolution is different from that of bulk
solution. The intermolecular structure of nanosolution does not
change with fractional filling. These results and the dependency
of density fluctuations of the system with fractional filling
showed that the nanometer-order sulfuric acid solutions in
carbon micropores form a small molecular assembly with a
hydration structure at low fractional filling.

In recent times, the rapid progress in nanoscience and
nanotechnology! has led to the design, development, and
application of various new porous materials to many scientific
and industrial fields. Furthermore, extensive investigations of the
adsorbate behaviors on the surfaces as well in the pores have
been ongoing over the last few decades.>? The in situ measure-
ments have been performed to examine the structures and
behaviors of adsorbed molecules.**

Multicomponent adsorptions, for example, the adsorption of
a solution in micropores, are not only of scientific interest but
also extremely attractive for many industrial applications. The
adsorption of nanometer-order sulfuric acid solution in micro-
pores is important in environmental chemistry’ and electric
double-layer capacitor (EDLC) applications.'® EDLCs are one of
the most attractive next-generation energy storage devices
because they have high electrical power and can be used almost
indefinitely. However, a microscopic understanding of the
formation of the electrical double layers in carbon micropores
is required for improving the capacitance performance.'®!!
Chmiola et al.'' and Lin et al.'> have demonstrated the
possibilities of desolvation or distortion of the solvation
structures of ions in carbon micropores by electrochemical
measurements. These results indicate that the solution structures
in carbon micropores could be considerably different from those
under bulk conditions.

Computer simulations have been employed for investigating
nanometer-sized solutions'3~!> primarily because of experimen-
tal difficulties. A few experimental studies have also been
conducted; for example, Kittaka et al. investigated the phase
behavior of water and acetonitrile mixtures in MCM-41 by
employing infrared spectra (IR),'® while Ohkubo et al. inves-
tigated the hydration structure of metal ions in carbon micro-
pores by extended X-ray absorption fine structure (EXAFS).!”
However, even though their results have shown the importance
of understanding multicomponent states in nanometer-order
spaces, such experimental approaches are rare.

X-ray scattering curves directly provide wide-ranging geo-
metric information from intermolecular to colloidal distances;
hence, they are indispensable to describe multicomponent
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Table 1. Pore structure of A25 activated carbon fiber

Pore width Micropore volume Specific surface area
(w/nm) (Wo/mLg™") (ae/m*g™")
A25 1.36 1.29 1970

adsorption behaviors in nanospaces. In this paper, we describe
our investigations into nanosized sulfuric acid solutions in
carbon micropores by employing X-ray scattering methods; we
have been able to describe the intermolecular- and colloidal-
order structures of the solution confined in micropores.

In this paper, an activated carbon A25 (Ad’all Co., Ltd., Uji,
Japan) was used as the absorbent. The micropore structure of
A25 was determined by a N, adsorption isotherm at 77 K using
a gravimetric apparatus with the a-plots,'® which are listed
in Table 1. The pore width of the A25 micropore (1.36 nm)
corresponds to the sizes of the second hydrated shell of the
sulfate ions under the bulk condition.

The sample was ground and preheated at 393 K and 1 mPa
for 3h before the adsorption isotherm measurements. Sulfuric
acid (96 wt %, Kanto Chemical Co., Inc., Tokyo, Japan) was
mixed with milli-Q water (Nihon Millipore K. K., Tokyo,
Japan), and a 10 wt % solution was prepared. The solution was
used as the adsorbate without additional treatment. The A25
sample was mixed well with 10wt % sulfuric acid, and the
mixture sample was kept in hermetically closed condition at
298K for 2 days without stirring. We confirmed that XRD data
does not change after 10 days storage (at ¢ = 0.5). The weight
of dried A25 is 100 mg, and the weights of sulfuric acid solution
are 26.9 and 119mg for fractional filling ¢ =0.2 and 0.9
samples, respectively. The ¢ was determined by using of
micropore volume W, and bulk density of sulfuric acid solution
(0 = 1.07 gmL™). Large-angle X-ray scattering (Mo Kc, 40kV,
100mA) and small-angle X-ray scattering (SAXS) (CuKa,
40kV, 30 mA) measurements were performed by transmission
using angle-dispersion diffractometers (AFCSR and Ultima III,
Rigaku Co., Tokyo, Japan) at 298 K. The sample was packed
into a 2-mm-thick slit-shaped cell with PET polymer film
(Lumirror; Toray Industries, Inc. = 4.5 um) windows. The bulk
liquid solution was also measured using the same sample cell.

Figure 1 shows the results of the X-ray diffraction (XRD)
profiles of 10wt % H,SO, in A25 when ¢ is 0.2 and 0.9. The
XRD profiles of water in A25 when ¢ is 0.9 and 10 wt % H,SO,
under the bulk condition are also shown. In the case of the bulk
solution, we observed one peak and two shoulders at 260 = 13,
20, and 32°; they are derived from the intermolecular structures
of solution. Although the shape of the X-ray scattering curve
of the confined solution resembles that of the bulk, detailed
observations reveal differences, for example, in the peak
positions. These differences remained even after the scattering
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Figure 1. Changes of XRD profiles of 10 wt % H,SO4 solution
adsorbed A25 at 298 K. B: A25 in vacuum, @ (thin): H,SO4
adsorbed by ¢ = 0.2, O (bold): by ¢ = 0.9, A: confined water by
¢ = 0.9, and [7: bulk H,SO4 solution.
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Figure 2. Electron radial distribution functions of confined
10 wt % H,SOy solution. @ (thin): by ¢ = 0.2, O(bold): by ¢ =
0.9, A: confined water by ¢ = 0.9, and [1: bulk 10 wt % H,SOy4
solution.

from A25 was subtracted (see Supporting Information; SI,
Figure S127).

These structural differences can be interpreted by the
electron radial distribution function (ERDF) that can be obtained
from the Fourier transformation of the X-ray scattering curves.
The ERDFs of 10 wt % H,SO,4 under the bulk condition and in
A25 when ¢ = 0.2 and 0.9 are shown in Figure 2. Figure 2 also
shows the ERDFs of confined water. Details of the derivation of
ERDFs are provided in our previous work,'” and the schematic
procedure is described in the Supporting Information. The
ERDFs of bulk water and confined water exhibit three peaks and
shoulder at 0.3, 0.45, and 0.7 nm, which can be attributed to the
first, second, and third nearest-neighbor water molecules,
respectively.®2%2! We have shown that the water confined in
carbon micropores has the highest peak of the 2nd nearest
neighbor.®?* Caminiti et al. have previously demonstrated
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Figure 3. Corrected SAXS profiles of 10wt% H,SO4 ad-
sorbed A25 by B: ¢ =0, a: 0.15, @: 0.3, [1: 0.5, A: 0.7, and
O: 1.0.

detailed analyses of the 2M sulfuric acid solution under the
bulk condition,?? and they concluded that the hydration radii of
the sulfate ions is 0.367 nm. Hence, the ERDF peaks at 0.31 and
0.41 nm for the bulk solution (Figure 2) can be derived from the
hydration structures of the ions as well as the intermolecular
structure of the water molecules.

The ERDFs of confined solution have a highest peak at
0.42nm and shoulder at 0.3 nm. It is completely different from
the bulk solution. This suggests that the intermolecular structure
of water molecules in the carbon micropore has a more ordered
structure than that under the bulk condition not only for the
confined water'® but also for the confined solution. The
difference in the peak intensities at 0.42nm between the
confined solution and water is a result of the hydration structures
of sulfate ions. The sulfate ions form hydration structures even
in narrow hydrophobic spaces. Moreover, the intermolecular
structure of water in carbon micropores strongly affects the
hydration structures of sulfate ions. Ohkubo et al.'” and Ohba
et al.'3 have employed experiment and computer simulations
respectively and showed that the hydration structures of several
ions were affected by confinements in the molecular-dimension
micropores. It is interesting that the ERDFs of the confined
solution at ¢ = 0.2 and 0.9 have almost identical shapes; the
sulfate ions form a hydration structure with water molecules
in the micropore even when the fractional filling is low. The
sulfuric acid solution is adsorbed in the form of cluster-like
molecular assemblies in the micropore and not as a monolayer
on the surface.

The size of the solution cluster in the carbon micropore
was investigated by SAXS analysis. Figure 3 shows the SAXS
profiles of 10wt % H,SO,4 adsorbed A25 as a function of ¢.
The profiles were corrected for the X-ray absorption using the
transmitted X-ray intensities.”> The activated carbons exhibited
strong X-ray scattering at the small-angle regions because of
the electron density differences between the solid and vacant
regions. When s > 2nm~!, the intensity of A25 containing
solution decreases monotonously with ¢, while at s < 2nm™", it
increases and then decreases. This result indicates that the zero-
angle X-ray scattering intensity /(0), which is directly related to
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Figure 4. Changes of the average dimensions of @: solution
(adsorbed phase) /,, A: vapor /,, and B: solid /s on fractional
filling of 10wt % H,SO4.

the density fluctuations in the system,?* increases with increas-
ing ¢ until ¢ =0.3 and then decreases gradually (see SI,
Figure S227). Tiyama et al.?> had reported identical tendency for
1(0) vs. ¢ in the case of water adsorbed on activated carbon PIT-
20 (w = 1.1 nm); they concluded that the increase in the density
fluctuations at low fractional filling is a result of the cluster
formation of water molecules in carbon micropores. In our
results, the cluster formation of sulfate ions with water
molecules was observed in both the XRD and SAXS measure-
ment results.

A more detailed analysis for the hydration cluster was
conducted using the extended Debye—Bueche analysis.’
Figure 4 shows the average dimensions of the adsorbed (/,),
solid (I5), and vapor (/,) phases as a function of ¢. As ¢
increases, [, increases and [, decreases monotonously. It is
noteworthy that /, is 0.7nm even when ¢ = 0.15, and this is
comparable to the dimensions of the sulfate ions with the first
hydration shells; further, the formation of hydration clusters
in hydrophobic spaces is also supported. The formation of
hydration clusters in hydrophobic nanospaces can be explained
in two ways: the property of water molecules in hydrophobic
spaces, that is, the tendency to form clusters by hydrogen-
bonding interactions and the strong interactions between water
molecules and ions. The high water content region is formed
around sulfate ions in carbon micropores because water prefers
to be around ions rather than near hydrophobic surfaces; hence,
the sulfuric acid solution forms a unique hydration cluster
including hydration structures in the micropores.

It is concluded that the sulfate ions form hydration structure
in micropores even at low fractional filling and that the sulfate
ions and water molecules form a molecular assembly comprising
a small number of molecules. The hydration structure of
hydronium ion could not be described in this paper, because
the X-ray scattering by hydrogen is almost negligible compared
with another elements. The degree of dissociation of sulfuric
acid is strongly dependent on the concentration. The inves-
tigations of higher concentration of sulfuric acid and different
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cation salts such as Na,SO4 will be discussed with reverse
Monte Carlo simulation®® which is very effective to discuss
intermolecular structures of mixture in a future article. More
investigations are required to elucidate the behaviors of the
confined solutions in micropores, but it can be suggested that
activated carbons are suitable tools for the investigation of the
nanometer-sized solutions. Further, XRD and SAXS measure-
ments are very useful techniques even for multicomponent
systems in micropores, and more detailed structural information
can be obtained by combining these methods.
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