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This study reports on the structure and stability of an alcohol-based polymer, which stores hydrogen in the form of
ions. The hydrogen-storing polymer is produced from alcohol using a plasma-induced method. Measurements of the
electrical resistivity and the IR spectra of the polymer indicate that it is in an electrically unstable state. The hydrogen
produced by the polymer following the application of an electric signal demonstrates that the hydrogen ions are trapped
within the polymer. The development of hydrogen-storing techniques in the form of ions improves the controllable
extraction of hydrogen.

In recent years, there has been increasing interest in meth-
ods for the production1–3 and storage4–6 of hydrogen. In most
studies, these two issues have been investigated separately,
with some researchers investigating methods for hydrogen pro-
duction1–3 and others investigating hydrogen-storage tech-
niques, such as the use of carbon nanotubes.7–9 Our current
study10 aims to address both of these issues, first by storing hy-
drogen in an ionic form in an alcohol-based polymer, and then
producing hydrogen by applying electricity.

When hydrogen atoms in an alcohol solution are dissociated
and trapped as ions in a polymer, they can be extracted from
the polymer by electrical neutralization. A relatively stable
state of the polymer is necessary for the storage of hydrogen
ions, while a relatively unstable state is required for the extrac-
tion of hydrogen from ions electrically. Therefore, the condi-
tion of alcohol polymerization is an important factor for this
strategy.

However, one of the difficulties in polymerizing alcohol is
accurate control of the reaction conditions. In general, poly-
merization is achieved by controlling the temperature and
pressure of the reaction.11–13 However, this approach is prob-
lematic because alcohol is volatile, and therefore conventional
approaches cannot be used. In addition, there are no catalysts
known to facilitate the polymerization of alcohol. Therefore, it
is necessary to apply different forms of energy to achieve the
decomposition and rearrangement of molecules required for
producing an alcohol-based hydrogen storing polymer.

In this study we used electron emission as a method for sup-
plying energy to alcohol molecules. Our results showed that
electron emission applied between different sized electrodes
is an effective method for controlling the amount of emission
energy delivered to the target molecules.

Results and Discussion

Dynamics of the Alcohol Polymerization. Figure 1 illus-
trates the dynamics of alcohol interacting with electron emis-

sion during the alcohol polymerization process. An electric
potential was applied between an atomic force microscope
(AFM) tip and the surface of liquid 1-butanol. Figure 1a de-
picts the AFM tip and the surface of 1-butanol prior to the ap-
plication of an electric potential. When an electric potential of
0.8 kV–15 kHz was supplied, and the distance between the
AFM tip and the surface of the 1-butanol was adjusted to 55
mm, an average electric current of 23 mA was achieved.

Fig. 1. Dynamics of alcohol interacting with electrons in an
electric field. A nanoscale mist appeared between the elec-
trodes as shown in (b). The mist condensed to form micro-
scale particles (c). The particles were attracted toward
each other and grouped together at a point between the
two electrodes (d). The particles then re-formed into a mist
(e). Figure (f) depicts the formation of a spherical particle
from the mist (e). The transition of particles to mist con-
tinued until the AFM tip was completely covered with
the mist.
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A nanoscale mist appeared soon after the application of an
electric current (Fig. 1b). The mist was produced only in the
region between the top of the AFM tip and the surface of
the liquid 1-butanol. The mist was visible at the mid-point be-
tween the two electrodes. The time resolution of a video cam-
era recorder (VCR) used to record the images was 30 Hz, and
therefore a relatively clear image of the mist indicates that the
mist remained in the same position over a time scale similar to
the time resolution of the VCR (0.033 s).

The mist shown in Fig. 1b condensed into two spheres at the
mid-point between the electrodes, as shown in Fig. 1c. The two
spherical particles (Fig. 1c) combined to form a larger particle,
as shown in Fig. 1d. This larger particle re-formed into a mist,
as shown in Fig. 1e. The mist then re-condensed and formed a
particle, as shown in Fig. 1f (black arrows). The unstable ap-
pearance of the alcohol indicated that the electric interaction
between the alcohol molecules and the electrons emitted from
the AFM tip occurred in the electric field.

The white arrows at the base of the AFM tip (Figs. 1b to 1f)
show a gradual increase in the amount of mist and particles on
the AFM tip. This suggests that the 1-butanol was transported
from the 1-butanol surface toward the AFM tip. Furthermore,
it was found that both the mist and the particles transported at
the AFM tip were stable in air and under vacuum conditions.
This indicates that the molecular structure of the 1-butanol
was decomposed under the experimental conditions used in
this study.

Apparatus Used to Achieve Alcohol Polymerization.
The dynamics of alcohol polymerization shown in Fig. 1
was induced using the apparatus illustrated in Fig. 2. The most
important feature of the apparatus is the use of a dielectric liq-
uid. The simultaneous formation of a dielectric molecular cur-
rent toward the AFM tip and electron emission toward the cur-
rent from the AFM tip were important factors in the successive
reactions that lead to producing the polymer (Figs. 2a, 2b). We
assume in this paper that the volatile dielectric alcohol mole-
cules would initially be attracted electrically from its surface
toward the electrode, and the movement is called ‘‘a molecular
current’’. In this study, alcohol was used as the hydrogen-stor-

ing polymer. However, it is likely that any dielectric liquid
containing hydrogen atoms could be used to achieve the same
result.

Figures 2a and 2b represent 2-D and 3-D images of the ex-
periment apparatus. An AFM tip consisting of Au-coated sili-
con was used as a negative electrode. The side of a tungsten
rod was used as a positive electrode. 1-butanol was applied
to the side of the positive electrode, as illustrated in Fig. 2a.
The negative AFM tip was placed 0.4 mm from the side of
the positive electrode. The AFM tip was moved to a distance
of 55 mm from the surface of the 1-butanol. The relative posi-
tions of the AFM tip and the tungsten rod were controlled by
mounting the electrodes on an XYZ-stage (Fig. 2b).

An electric potential of 0.8 kV–15 kHz was applied between
the electrodes. This induced a 23 mA electric current. The ex-
periments were carried out in air at a temperature of 26 �C and
a humidity of 50%.

Analysis of the Alcohol Polymerization Process. The
polymerization of alcohol, as observed in Fig. 1, can be ex-
plained using the model shown in Fig. 3. This model shows
the bombardment of electrons toward the electrically attracted
alcohol in the electric field produced between different-sized
electrodes (Fig. 3a). Alcohol was placed on the positive elec-
trode, and a smaller electrode was used as the negative elec-
trode. This pair of electrodes produced an asymmetrical elec-
tric field (black arrows, Fig. 3a).

The asymmetrical electric field played two important roles
in the alcohol-polymerization process. First, this electric field
generated a molecular alcohol current that flowed from the
larger to the smaller electrode. Second, the smaller negative
electrode allowed accurate control of the electron bombard-
ment.

Figure 3b shows the molecular alcohol current (black
arrows), from the surface of the alcohol on the positive elec-

Fig. 2. Experiment apparatus used for the polymerization
of dielectric organic compounds. (a) 2-Dimensional image
of the apparatus. One of the important features of the ap-
paratus was the use of a ‘‘liquid electrode’’ to form a di-
electric molecular current between the electrodes. The cur-
rent formed as a result of an electric interaction. (b) 3-Di-
mensional image of the apparatus. The electrodes were
mounted on an XYZ-stage to accurately control their rel-
ative positions. The AFM tip (DF-20 SII) consisted of Au-
coated silicon.

Fig. 3. Generation of a molecular alcohol current and si-
multaneous electron bombardment in the direction of the
current. (a) The different sized electrodes resulted in a dif-
ference in the electric flux density. The density gradient of
the electric lines of force generated an intense Maxwell
tensor effect that resulted in the attraction of alcohol mole-
cules toward the smaller electrode. The high density of the
electric lines of force also caused electron bombardment
directed toward the molecular alcohol current. (b) Optical
image showing the generation of a molecular alcohol cur-
rent flowing toward the smaller electrode (black arrows)
and the simultaneous emission of electrons toward the cur-
rent (not visible).
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trode, to the smaller negative electrode. The intense electric
field at the tip resulted from the movement of the upward-flow-
ing alcohol current (black arrows). The radial movement of the
alcohol particles toward the tip of the smaller electrode indi-
cated that the most intense electric field was generated at the
tip of the electrode. From these observations, it is clear that
the dielectric alcohol particles are attracted toward the tip, in
the direction of the electric field. The permittivity of O–H bas-
es in the alcohol molecules should have contributed to the gen-
eration of the molecular alcohol current as a result of an elec-
tric interaction with the asymmetrical electric field14–16 (Fig. 4).

The dissociation process of 1-butanol molecules and succes-
sive alcohol polymerization, as outlined in Fig. 1, can be
explained using the model shown in Fig. 4 as follows. The
intense electric field near the top of the AFM tip generated
electron emission, and simultaneously attracted the dielectric
1-butanol molecules toward the tip through a polarization in-
teraction (Fig. 4). The electron bombardment into the 1-buta-
nol molecular current directed toward the tip caused their col-
lisions and successive dissociation of the molecules (Fig. 4).
The dissociation of 1-butanol molecules lead to the production
of positive and negative ions that immediately migrated to-
ward the negative and positive electrodes, respectively
(Fig. 4). An alcohol polymer was formed after electrical neu-
tralization of these ions at the electrically opposite electrodes.
The measured output electric current (2 mA) indicated that 21
mA of electrons were either consumed during the polymeriza-
tion process or lost in the air (Fig. 4).

The collision or electrical interaction between the molecular
current and electron emission played a critical role in the dis-
sociation of molecules and the successive alcohol polymeriza-
tion process. Since the kinetic energy of the emitted electrons
inherently has some distributions, and the electrons randomly
interact with the bonding of the molecules, the structures of
the partially dissociated molecules should consist of various
structures of ions and radicals. Therefore, it is likely that the
polymer composed on the AFM tip would initially be electri-
cally unstable (Fig. 1, white arrows). The unstable state of this

polymer was observed by the transition of IR spectra with
time.

Unstable State of the 1-Butanol Polymer. The decompo-
sition of 1-butanol molecules and the stability of the polymer
were analyzed by measuring the IR spectra. Figure 5a presents
the IR spectrum of pure 1-butanol. Figure 5b illustrates the
transition of the IR spectra of the alcohol polymer produced
on the AFM tip (Fig. 1, white arrows). The change in the com-
position of the 1-butanol polymer was measured by recording
the IR spectra at 30 min intervals (represented as different col-
ors) over a three hour period. The red spectrum represents the
signal recorded directly after the polymerization process. The
black spectrum shows the composition of the polymer meas-
ured 3 h after its production.

The decomposition of 1-butanol molecules following elec-
tron bombardment (Fig. 6a) was confirmed by the transition
of the IR spectra (Figs. 5a to 5b). The reduced peak size at
2959 and 2874 cm�1, and the transition of the spectra between
1000 and 1500 cm�1 indicate that the C–H bonds in the 1-bu-
tanol molecules were decomposed (Fig. 6b). The broader
peaks observed in Fig. 5b indicate the formation of 3-D bridge
structures with the partially decomposed 1-butanol molecules
(Fig. 6c).

The peak at 1720 cm�1 indicates the formation of C=O
bonds in the 1-butanol polymer (Fig. 6c). The source of the
oxygen in this reaction could be either the O–H bonds in the
1-butanol molecules or oxygen molecules in air. The peak
could have originated from two different oxygen sources, al-
though the ratio of their contributions is not known. Oxidation
was often found to occur during the plasma-induced reac-
tions.17

Two significant spectral transitions represented by the dif-
ferent colors can be observed in Fig. 5b. First is a simultaneous
decrease of the signal at 3357 cm�1 and between 1000 and
1500 cm�1. This decrease suggests the simultaneous evapora-
tion of O–H and C–H bonds. It is therefore likely that 1-buta-

Fig. 4. Model of the molecular current and the dissociation
of molecules. The asymmetrical electric field between the
sharpened negative electrode and the positive electrode
electrically attracted dielectric molecules toward the
smaller electrode. The tip simultaneously emitted elec-
trons toward the attracted molecules and dissociated the
molecules during their collision in air.

Fig. 5. Transition of the IR spectrum of the alcohol-based
polymer. The stability of the polymer was investigated
by recording the IR spectra at 30 min intervals.
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nol, or partially decomposed 1-butanol molecules (Fig. 6b)
should exist in the 1-butanol polymer, and might have evapo-
rated from the polymer. Secondly is a rapid signal decrease
from the red to green spectra between 1000 and 1500 cm�1,
compared to that of the 3357 cm�1 peak. The difference in
the peak reduction ratio could reflect the structure of the
evaporated species. If a 1-butanol molecule is evaporated, nine
times the number of C–H bonds are disappeared compared
with O–H bonds. This difference can be reflected in the IR
spectra. Although an analysis of the evaporated material is
not possible, based on the IR spectra alone, the differences
in the ratios of the signal transition suggest the evaporation
of 1-butanol, or partially decomposed 1-butanol molecules,
from the polymer (Fig. 6b).

As another possibility, the significant spectrum transition
between 1000 and 1500 cm�1 could be caused by the neutral-
ization of hydrogen ions, and a subsequent production of hy-
drogen from the polymer (Fig. 6c). The properties of the plas-
ma-induced reaction suggest that the mist produced on the
AFM tip should be an amorphous polymer (Fig. 1, white ar-
rows). The formation of the amorphous polymer required sev-
eral 1-butanol molecules, and was shown to contain either C–C
or C=C bonds for the formation of the 3-D structures (Fig. 6c).
If nitrogen in air were dissociated, C–N bonds might also have

contributed to the formation of the 3-D structure in the poly-
mer (Fig. 10b).

Hydrogen Production from the Polymer. We also inves-
tigated the unstable composition of the 1-butanol polymer by
measuring the resistivity. The resistivities of 1-butanol poly-
mers are on the order of 1011-� cm. However, the 1-butanol
polymer reported here was found to have a resistivity that fluc-
tuated between 0.8 and 480-� cm. This variation demonstrates
that the 1-butanol molecules were decomposed. Interestingly,
the resistivity of the 1-butanol polymer produced in this study
was similar to the values obtained for most semiconductors.
Similar resistivities have also been reported for other plas-
ma-induced compounds.18–20

The unstable resistivity indicates that the polymer produced
in this study was electrically unstable and in a non-equilibrium
state. Figure 7 illustrates the AFM tip when an electrode with
an electric signal of 6 V–50 Hz was applied directly to the
polymer. When an electric signal was applied, the polymer be-
gan to produce bubbles at a rate of 670 mm3/s (black arrows)
and the bubble production continued for 5 s.

An almel–cromel thermometer was used to apply electric
potential as an electrode, and for the simultaneous measure-
ment of reaction temperature. The temperature of the polymer
increased from 26 �C to 29 �C when an electric potential was
applied, and bubbles were produced. The temperature re-
mained at 29 �C for the duration of bubble production. Al-
though a precise temperature measurement was difficult due
to the size of the thermometer, the temperature of the bubbles
was far less than the boiling point of the 1-butanol (117.3 �C).
Therefore, the temperature increase should be caused by the
enthalpy of gaseous formations, as observed in Fig. 7. The pro-
duction and annihilation of the bubbles could be controlled by
the applied electric potential.

The composition of the gas bubbles was measured by gas
chromatography. The bubbles were found to consist of
18.5% hydrogen, 32% carbon dioxide, and 1.5% nitrogen.
The composition of the remaining 48.5% could not be identi-
fied.

Structure and Electrical State of the Polymer. Several
relationships were observed among the transition of the IR
spectra between 1000 and 1500 cm�1 (Fig. 5b), the fluctuating
electric resistivity of the polymer, and hydrogen production
from the polymer (Fig. 7).

Fig. 7. Hydrogen production from the alcohol polymer and
the simultaneous measurement of reaction temperature.
An almel–cromel thermostat was used for applying elec-
tric potential and for measuring the reaction temperature.

Fig. 6. Model of the dissociation process of 1-butanol
molecules and possible structure of 1-butanol polymer.
Electron emission to the 1-butanol molecule (a) dissociat-
ed the molecule (b) and composed 1-butanol polymer (c)
from partially dissociated 1-butanol molecules (b).
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The similarity between the electrical resistivity of the poly-
mer produced in this study and many semiconductors indicates
that certain charged particles, such as ions, could exist in the
polymer and act as carriers. Hydrogen production by the poly-
mer, following the application of an electric current, supports
the idea that hydrogen ions act as both electrical carriers and as
a source for hydrogen production (Fig. 8).

Hydrogen ions in the polymer should be present around the
negatively charged species as a result of electrical interactions.
The C=O or O–H bonds are the most likely sites for the inter-
action with hydrogen ions (Fig. 8). These polarized bases
could potentially interact with hydrogen ions, causing the re-
lease of ions after the application of electrons from either an
electric current or the AFM tip. The electrically neutralized
hydrogen ions could then form hydrogen molecules (Fig. 8).
The neutralization of hydrogen ions and subsequent production
of hydrogen from the polymer might have caused the transition
of the IR spectra between 1000 and 1500 cm�1, as shown in
Fig. 5b.

Mechanism of the Attenuation of Bubble Formation.
The relationship between the attenuation of bubble production
and the formation of an alcohol thin film on the AFM tip was
investigated from the transition of IR spectrum of the alcohol
polymer.

In our experiments (Fig. 7), bubble production was gradual-
ly decreased after 5 s. Since bubble production was caused by
the application of an electric potential, there are two primary
reasons why bubble formation was attenuated. First, all the hy-
drogen ions in the polymer were exhausted during the period.
Second, the electron supply was inhibited. The latter case was
supported by analyzing the polymer composed on the AFM
tip, using a scanning electron microscope (SEM) in a vacuum.

Figure 9 represents a SEM image of an alcohol thin film
composed on the AFM tip. The thin film appeared from the
polymer on the tip (Fig. 1) when the electron emission in 15
kV of potential was applied with SEM in a vacuum. Before
emission, the appearance of the polymer on the tip was spher-
ical (Fig. 1, white arrows). However, after emission, a thin film
was observed with SEM. During electron emission on the
polymer, the image became blurred. These observations
indicated that, initially the polymer was in the liquid state,
which evaporated during the electron emission with SEM in
a vacuum.

The alcohol thin film covering the AFM tip started to ex-
pand when the magnification of the SEM was increased to 2�
104 times. After emission, several hemispherical micro bal-
loons consisting of an alcohol thin film were observed. The mi-
cro balloons maintained their appearances while the tip was in
a vacuum. These observations indicated that certain gasses
would be contained in the micro balloons, and the film of
the balloons was airtight at 10�3 Pa.

However, the balloons collapsed when the tip was taken out
from the vacuum, possibly due to air pressure. This would in-
dicate that the gas pressure in the balloons was much lower
than the air pressure.

The evaporation of the liquid from the polymer and the
structure of the alcohol thin film were analyzed from the IR
spectrum in Fig. 9b.

Figure 9b represents an IR spectrum of alcohol thin film
composing the micro balloons on the AFM tip in Fig. 9a.
The disappearance of the 3357 and 1058 peaks in Fig. 5b in-
dicated that the liquid polymer on the AFM tip initially con-
tained 1-butanol or partially decomposed 1-butanol molecules.
These molecules evaporated when electron emission with
SEM was applied in a vacuum. The simultaneous appearances
of 3235, 1681, and 1398 peaks in Fig. 9b correspond to the NH
stretching, NH2 bending, and CN bending. These results indi-
cated that the 1-butanol polymer on the AFM tip primarily
consisted of a partially decomposed 1-butanol liquid polymer
and alcohol thin film consisting of carbon, hydrogen, oxygen,
and nitrogen (Fig. 10b).

The 1722 and 1681 peaks in Fig. 9b correspond to the 1720

Fig. 8. Model of hydrogen production from the alcohol
polymer. The hydrogen ions interacting with C=O and
O–H bonds would be electrically attracted to the negative
electrode and formed hydrogen at the electrode during the
electrical neutrality.

Fig. 9. Alcohol thin film and IR spectrum of the film. (a)
Micro balloons composed from the alcohol thin film poly-
mer. (b) IR spectrum of the alcohol polymer on the AFM
tip in Fig. (a).
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and 1668 peaks in Fig. 5b. If the estimation is correct, the sig-
nal decrease of 1720 indicates that some C=O bonds in the 1-
butanol liquid polymer evaporated with electron emission with
SEM in the vacuum. However, some C=O bonds contributed
to the formation of the alcohol thin film (Fig. 10b).

The composition of the liquid 1-butanol polymer on the
AFM tip (Fig. 1b, white arrows) could be estimated from the
formation of an alcohol thin film consisting of nitrogen and
the transition of the IR spectrum from Fig. 5b to Fig. 9b.
The 1-butanol polymer composed on the AFM tip should have
originally contained partially decomposed 1-butanol mole-
cules, including at least NH and CN bonds. The nitrogen atoms
in these bonds should be fixed from the air during electron
bombardment. These ions including NH and CN should initial-
ly interact with other ions consisting of the liquid 1-butanol
polymer. However, when an electric signal of 6 V–50 Hz
was applied, these ions including NH and CN were stimulated
to neutralize at the electrically opposite electrode. Since the al-
mel–cromel thermometer was electrically insulated, these ions
approached the AFM tip for their electrical neutrality. There-
fore, an alcohol film consisting of nitrogen was composed on
the AFM tip (Fig. 10).

The formation of the alcohol thin film would therefore be
related to the attenuation of bubble production from the poly-
mer on the AFM tip (Fig. 7). If semiconducting or insulating
thin films were not formed on the AFM tip in Fig. 7, the elec-
tric potential applied from the thermometer would generate an
electric current inside the polymer, and hydrogen would be
produced from its ions. However, once the alcohol thin film
was composed on the AFM tip, the electron supply would be
stopped and hydrogen could not be formed from its ions.
Therefore, the formation of an alcohol thin film on the AFM
tip should be one of the reasons why bubble production was

reduced.
These observations and analysis suggest that the insulating

thin films sometimes worked unfavorably. However, insulating
or semiconducting films are useful for storing hydrogen ions.
In particular, one of the benefits of this method is an easier ex-
traction of hydrogen. The hydrogen ions can be easily extract-
ed from the insulating container with the application of an
electric current. However, for engineering usage, a more de-
tailed analysis of the electrical state of hydrogen ions in the in-
sulating or semiconducting container would be necessary.

Summary

In this study, we investigated the dynamics of dielectric 1-
butanol molecules interacting with electrons emitted from an
intense electric field. The production of a nanoscale mist and
microscale particles suggested an unstable electric state of
the molecules. During this interaction, a 1-butanol polymer
was produced on the electrode. The unstable structure of this
polymer was investigated by measuring the transition of the
IR spectrum, electric resistivity, and the production of hydro-
gen. The results indicated that the polymer was in a quasi-sta-
ble state and hydrogen was produced from hydrogen ions trap-
ped inside the polymer.

The control of the stable structure for the storage of hydro-
gen ions and simultaneous unstable structure for the extraction
of hydrogen is necessary for hydrogen storage and producing
polymer. The insulating or semiconducting properties could al-
so affect the storage efficiency and the extraction of hydrogen
from the polymer. From this standpoint, the hydrogen-storing
polymer composed from 1-butanol requires improvements.
However, the storage of hydrogen in the form of ions could
be a useful approach to hydrogen storage, since ions can easily
be extracted by the application of an electric potential.

In future studies, we will investigate methods for improving
the qualities of the hydrogen storage and producing polymers.
The storage of hydrogen in the form of ions in other materials
will also be investigated.

We thank K. Kondo, N. Higashi, M. Komatsu, and S.
Ushiba for helpful discussions. This work was supported by
Grants-in-Aid from the Intelligent Systems Institute, National
Institute of Advanced Industrial Science and Technology.
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