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a  b  s  t  r  a  c  t

A  battery  with  variable  electrostatic  capacity  is  proposed  as  a  new  type  battery  with  increased  capacity.
If  the  electrostatic  capacity  can  be  significantly  changed  by  redox,  then  the  capacity  of  a  capacitor  can
be superimposed  on  the  capacity  of  the  battery.  Calcination  of  a  mixture  of  anthracene  and  sulfur  was
performed  to  prepare  a sulfur  composite  material  (ANS450)  as  a model  material.  Elemental  analysis  and
Raman  spectroscopy  indicated  that  ANS450  has  a  structure  in  which  anthracene  frames  combined  with
eywords:
echargeable battery
apacitor
ariable electrostatic capacity
ulfur composite material
nthracene

sulfur  are  linked  together  by dithiane  structures.  Although  XPS  analysis  indicated  that  sulfur  in  ANS450
performed  a one-electron  reduction,  ANS450  exhibited  an  extremely  large  capacity  of  0.86  Ah  g−1, which
was  larger  than  the  capacity  estimated  from  the  sulfur  content.  Cyclic  voltammetry  revealed  that  the
electrostatic  capacity  of ANS450  was  significantly  changed  by  redox.  This  change  in electrostatic  capacity
is  considered  to  be  the  main  factor  for the  increase  in  capacity,  which  validates  the  basic  concept  of  a
battery  with  variable  electrostatic  capacity.
. Introduction

In recent years, demand has increased for batteries with
ltrahigh energy densities exceeding 1000 Wh  L−1 for portable
lectronics and electrical applications such as cellular phones and
otebook computers, in addition to electric and hybrid vehicles.
any trials have employed simple substances as active materials

or high-capacity batteries, such as Li-sulfur and Li-air batteries
1–3]. In the Li-sulfur battery, polysulfide ions are dissolved in
he electrolyte solution and the shuttle phenomenon occurs, caus-
ng problems such as self-discharge, which in turn lowers the
harge–discharge efficiency [4–7]. Sulfur fixation and the use of
omposites with carbon have been proposed to solve these prob-
ems [8–15]. In the case of sulfur fixation, sulfur bonded to carbon
ndergoes a one-electron reduction, and because the polymer
tructure used to fix sulfur does not act as an active material, the
apacity falls to a value below half that of elemental sulfur. Preven-
ion of sulfur dissolution can be achieved by distribution of sulfur in
arbon; however, the capacity of this configuration is not sufficient.
hus, an ultrahigh energy density battery has yet to be realized.

To realize a battery with high energy density is difficult using
nly conventional electrochemical principles, such as the redox
henomenon. Therefore, a new approach, such as the fusion of

hemical and physical phenomena, is required. For example, ruthe-
ium acid nanosheets and mesoporous TiO2 have been known
s the pseudocapacitors which show Faradaic and non-Faradaic
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phenomena [16–18].  In this paper, an idea, which I have named
a “battery with variable electrostatic capacity”, is proposed to
increase the capacity of an energy storage device.

If the electrostatic capacity of a capacitor can be changed by
application of a certain voltage, then a large electric charge is
generated and the capacitor exhibits an output similar to a bat-
tery, which charges and discharges at constant potential. If redox
becomes a trigger and the electrostatic capacity can be changed,
then an output characteristic can be realized where the capacity
of the capacitor is superimposed on the redox capacity. Even if
the applied voltage is limited to a narrow range in which redox
occurs, a large capacitor capacity that is proportional to the differ-
ence between the spontaneous potential and the redox potential
can be generated.

I consider that a compound possessing electroconductive struc-
tures, such as polycyclic aromatic structures with redox groups
such as disulfide groups, is capable of significant change in the elec-
trostatic capacity at the redox potential. In this paper, a composite
material of sulfur combined with anthracene was  prepared as the
material, and validation of the “battery with variable electrostatic
capacity” idea was attempted.

2. Experimental

2.1. Materials
Anthracene (Aldrich, 1 g, 5.6 mmol) and excess amounts of sulfur
powder (Kojundo Chemical Laboratory, 5 g, 20 mmol of S8) were
mixed and placed into a test tube. The test tube was  set in a tubular
furnace under nitrogen flow and the temperature was  raised to

dx.doi.org/10.1016/j.jpowsour.2011.12.006
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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has three peaks. According to the literature which examined Li-
Fig. 1. Schematic diagram of the pressurized coin type cell.

00 ◦C over 1 h. After holding at 300 ◦C for 3 h, the temperature was
aised to 450 ◦C over 30 min  and then held at 450 ◦C for 3 h in order
o remove excess sulfur. The resulting black product (ANS450) was
btained after cooling to room temperature.

.2. Electrochemical evaluation

ANS450 (70 wt%) or elemental sulfur S8 (50 wt%) was mixed
ith polytetrafluoroethylene (PTFE; 10 wt%) and carbon (Ketjen

lack; residual amounts) using ethanol as a dispersant. The mix-
ure was ground using a mortar and a pestle to form a paste. The
round electrode material was formed into a sheet from which a
2 mm diameter electrode (typical weight: 3.0 mg)  was then cut.
he vacuum dried electrode was used as a cathode. A schematic
iagram of the pressurized coin type cell employed is shown in
ig. 1. A 1 M LiPF6 solution in ethylene carbonate/diethyl carbonate
EC/DEC, volume ratio: 3/7) was used as an electrolyte for the Li-
NS450 cell. In the case of the Li-S8 cell, carbonate solvents such as
C and DEC cannot be used because sulfide ion reacts with these sol-
ents. Therefore, a 1 M lithium bis(trifluoromethansulfonyl)imide
olution in dimethoxyethane/dioxolane (DME/DOL, volume ratio:
/1) was used as an electrolyte for the Li-S8 cell. A porous polyethy-

ene membrane and Li foil were used as the separator and anode,
espectively. The anode, separator, and cathode were placed in the
ell from the bottom with the electrolyte solution and the elec-
rodes were pressurized using the upper screw to make an electrical
ontact. The coin cell was assembled in an Ar-filled glove box.
alvanostatic charge–discharge measurements were performed at
5 ◦C using a battery analyzer (HJ-1001, Hokuto Denko). For ini-
ial aging of the cell, charge–discharge cycles were carried out
wice between 0.3 and 3 V at a constant current of 0.5 mA.  The
harge–discharge characteristics were measured in the range of
–3 V at a constant current of 0.5 mA.

Cyclic voltammetry (CV) was measured with an electrochemical
nterface (Solartron SI 1287) using the same cell as that used for the

harge–discharge characteristics. The sweep rates were 0.86, 1.4,
.6, and 7.1 mV  s−1 and the scanning voltage ranges were 1–3, 1–2,
nd 2.2–3 V.

Scheme 1. Synthetic reaction a
rces 203 (2012) 184– 189 185

2.3. Characterization

ANS450 was characterized using elemental analysis, Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS; Ulvac Phi,
model HI-5500MC), and X-ray diffraction (XRD; Rigaku, RINT-TTR,
Cu K� radiation) analysis. The Raman spectrum was recorded with a
Jasco NRS-3300 Laser Raman Spectrophotometer, using the 532 nm
line of a Nd:YVO4 laser as an excitation source. As a model com-
pound for Raman analysis, hexathiapentacene (HTP) was prepared
by the method reported in the literature [19]. Simulation of the
Raman spectrum was performed by ab initio HF/3-21G calculations
with Gaussian 03 [20]. XPS and XRD analyses were conducted for
samples of the cathode (ANS450:90 wt%, PVDF or PTFE and carbon:
5 wt%) before and after charge–discharge without exposure to air.
The cathodes for the XPS analysis were ground well to form powder
using a mortar and a pestle in the Ar-filled glove box. As an authen-
tic sample of the S2p XPS spectrum, Li2Sx deposited on Li anode in
S8 cell after cycle tests was  employed.

3. Results and discussion

3.1. Structure of ANS450

Elemental analysis of ANS450 revealed an elemental ratio of
C:H:S:(O) = 14:0:7.8:(0.6). Although a small amount of oxygen was
included, the elemental ratio was  mostly in agreement with a
C:S = 14:8 structure, as shown by structural formula 1, in which
hydrogen in anthracene is replaced by sulfur and the anthracene
rings are linked together by dithiane structures (Scheme 1).

Fig. 2 shows the Raman spectra of ANS450 and the model com-
pound HTP, and a simulated spectrum based on structural formula
1. The peaks in the range of 100–1100 cm−1 can be attributed
mostly to the structure containing sulfur, C S and S S [21,22],  and
the peaks in the range of 1100–1600 cm−1 are due to the aromatic
series ring frame [23]. The peaks around 100–1100 cm−1 of HTP
possessing six sulfur atoms connected with aromatic rings are coin-
cident with those of ANS450. Other peaks observed in the range of
100–1100 cm−1 (a)–(d) were assigned to �CS, �CS, �CSC, and �CSC,
respectively, according to the literature examining Raman spec-
troscopy of thiathrene possessing the dithian structure [21]. The
strong peak (a) was also assigned to C S stretching [22]. The peaks
in the range of 1100–1600 cm−1 are in good agreement with the
simulated spectrum. Therefore, both Raman spectroscopy and ele-
mental analysis indicate that the main component of ANS450 has
the structure of formula 1. In addition, no peaks characteristic of
elemental sulfur (indicated with three triangle marks) are evident
in Fig. 2, which indicates the absence of sulfur in the form of isolated
S8.

Fig. 3 shows the S2p XPS spectra of the cathodes before and after
charge–discharge, and that of Li2Sx. The XPS S2p spectrum of Li2Sx
polysulfide deposited on Li metal [24], the S2p peaks of S bridging
S, Li2S2, and Li2S appear at 164 eV, 161.5 eV, and 160.0 eV, respec-
tively. It was reported that the S2p peak of hexathiaanthracene was

nd structural formula 1.
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and a new broad peak appeared at 3.3 A, which indicates that
the stacking structure is collapsed by aging and/or discharge,
and discharged ANS450 has a slightly regulated structure by
weak interaction between molecules. After charging, the 3.3 Å
ig. 2. Raman spectra of ANS450 and the model compound hexathiapentacene, and
eaks  of elemental sulfur S8. (a)–(d) indicate the characteristic peaks of thiathrene 

ocated at 163.5 eV [25]. Therefore, three peaks observed in the Li2Sx

ample are attributed to neutral sulfur, univalent sulfide anion, and
ivalent sulfide anion in order of higher bonding energy. The intact
NS450 sample showed almost one peak at 163.1 eV, which is iden-

ified as neutral sulfur in the structure of C S S C or C S C. The
2p peak of the discharged sample was shifted to 161.4 eV, which
s identified as the univalent sulfide anion, and that of the charged
ample was returned to 163.1 eV. This change occurs reversibly. The
esults indicate that sulfide undergoes reversible redox during the
harge–discharge process. The peak at 160.0 eV, which represents
he divalent sulfide anion, Li2S, was not observed.

The XRD patterns of the intact cathode (before
harge–discharge) and that after discharge or charge are shown in
ig. 4. The XRD pattern of the discharged sample exposed to air is
lso shown in Fig. 4. A relatively strong peak at 3.54 Å is observed
or the intact cathode, in addition to several weak peaks. According

o the literature of HTP, the spacing of �–� stacking of pentacene
ings is 3.54 Å [19]. Therefore, ANS450 appears to have the �–�
tacking structure. The XRD pattern of the discharged cathode

ig. 3. XPS S2p spectra of sulfur in ANS450 (a) before discharge/charge, (b) after 1st
ischarge, (c) after 1st charge, and (d) Li2Sx .
ulated spectrum of a model compound. (Triangle marks indicate the characteristic
ssing the dithian structure.)

shows that the peaks observed for the intact cathode disappeared,
˚

Fig. 4. XRD patterns of ANS450 cathodes (a) before discharge/charge, after (b) dis-
charge, and (c) charge, and (d) after discharge with exposure to air for 1 h (the
background peaks were observed from the XRD vessel without a sample).
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Fig. 5. Charge and discharge curves before, during, and after aging.

eak disappeared and a broad halo peak appeared near 3.9 Å.
his change occurs reversibly (not shown in Fig. 4). The charged
athode has an amorphous structure, although the oxidation state
f sulfide in charged ANS450 remains the same as that in intact
NS450, as shown in Fig. 3. It seems that intermolecular disulfide
onds are formed in addition to intramolecular bonds by oxida-
ion, and the structure of charged ANS450 becomes crosslinked
nd amorphous. Several peaks, which were identified as LiOH or
i2O, were observed in the XRD pattern of the discharged sample
fter exposure to air for 1 h. This result indicates that Li ions are
liminated from the composite material by oxidation.

As described in Section 2, heat treatment of ANS450 was  per-
ormed under N2 flow for 3 h at 450 ◦C higher than the boiling point
f elemental sulfur, therefore it was expected that sulfur without
xation to carbon was removed in the form of elemental sulfur.
hen EC/DEC is used as the solvent of electrolyte for the Li-sulfur

ell, first discharged capacity decreases to a half value of the capac-
ty of Li-sulfur cell using DME/DOL as the solvent. Furthermore
harge and discharge cannot be done after the first discharge. The
i-ANS450 cell showed excellent repeatability of charge–discharge,
lthough the solvent of electrolyte was EC/DEC. This result indicates
hat active material in the Li-ANS450 is different from that in the
i-sulfur cell, elemental sulfur.

XPS analysis, Raman spectroscopy, and examination of the sol-
ent effect indicate that sulfur in ANS450 combined with carbon
nd performs a one-electron reduction during the discharge pro-
ess.

.2. Charge–discharge characteristics

Fig. 5 shows the charge–discharge characteristics for the first
ycle before aging, during aging, and the first cycle after aging. The
ischarge voltage before aging was slightly low and the voltage rose
fter aging. As mentioned in the XRD results, the stacking struc-
ure of ANS450 is collapsed by aging and/or discharge. The aging
cts as an electric activation of carbon usually operated for capac-
tor materials. Large irreversible capacity was observed at the first
ging. When a cathode without ANS450 consisting of only Ketjen
lack and PTFE was aged until 0.3 V, huge irreversible capacity was
bserved. When concentration of ANS450 was increased to 90%,
he irreversible capacity during aging decreased to 1/3. Therefore,
t seems that the irreversible capacity of the Li-ANS450 cell during
ging mainly arose from Ketjen black and/or PTFE binder. The dis-
harge capacity of the first cycle after aging was  extremely large
t 0.86 Ah g−1-ANS450, and 1.47 Ah g−1-sulfur content. When all
he sulfur bonded to carbon is assumed to undergo a one-electron
eduction, the capacity was estimated at 0.49 Ah g−1. The capacity
f ANS450 exceeds the capacity estimated from the sulfur content.
PS analysis indicated the absence of Li S in discharged ANS450;
2

herefore, it can be concluded that the large capacity of ANS450
s not due to a mixture with isolated S8, which undergoes two-
lectron reduction.
Fig. 6. Cyclic voltammograms for cells with ANS450 and sulfur (S8) cathodes.

3.3. Variable electrostatic capacity

In order to clarify the mechanism for generation of capacity
greater than the estimated value from sulfur content, CV of ANS450
and elemental sulfur (S8) was measured in three ranges of scanning
voltage; 1–3 V extensive voltage range, 1–2 V low-voltage range,
and 2.2–3 V high-voltage range, and the results are shown in Fig. 6.
When S8 was  used as the active material, one oxidation (charge)
peak and two reduction (discharge) peaks were observed in the
1–3 V range, and both the high-voltage range scans after charge
and the low-voltage range scan after discharge showed narrow
width CV characteristics without peaks. A narrow width CV wave-
form indicates only a small electrostatic capacity when S8 is used as
the active material. In contrast, oxidation and reduction peaks for
ANS450 were observed in the 1–3 V range scan, while no peaks were
observed in either the high-voltage or low-voltage range scans.
However, the low-voltage range scan showed a broad rectangu-
lar waveform that became thin in the high-voltage range scan.
The rectangular waveform was  symmetrical and became broader
with increasing scan rate. The width of the rectangular waveform is
proportional to the electrostatic capacity of the capacitor compo-
sition; therefore, ANS450 exhibits variable electrostatic capacity
in which the electrostatic capacity is decreased by charge (oxi-
dation) and increased by discharge (reduction). The electrostatic
capacity for ANS450 was  45 F g−1 in the high-voltage range and
was  increased to 290 F g−1 in the low-voltage range, which is an
increase of 6.5 times. Compared with the electrostatic capacity of
activated carbon used for an electric double layer type capacitor of
approximately 100 F g−1 [26], the electrostatic capacity of ANS450
in the low-voltage range is extremely large. The proportionality
constant of capacitance is 5–7 �F cm−2 for an electric double layer
type capacitor; therefore, the effective electrode area of ANS450
can be calculated as 4000–6000 m2 g−1, which is too large com-
pared with the surface area of graphene (2620 m2 g−1). ANS450
has a linear structure and the effective electrode area of the rod-
like ANS450 molecule may  become much larger than that of the
flat-shaped graphene molecule.

Supposing that discharge was  conducted under a voltage differ-
ence of 2.25 V between the onset voltage of 3.25 V and the minimum
applied voltage of 1 V, the capacity of the capacitor composition

calculated from the electrostatic capacity of the low-voltage range
would be 0.18 Ah g−1. The entire discharge capacity measured just
before CV measurement and the capacity calculated from the sulfur
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ig. 7. Charge–discharge cycling characteristics of the cell with the ANS450 cathode.

ontent were 0.73 and 0.49 Ah g−1, respectively. Thus, the increase
n capacity from the estimated capacity to the entire discharge
apacity was 0.24 Ah g−1. Although the capacity of the capacitor is
lightly smaller than the increase in capacity, it provides the main
ontribution to the increase in capacity.

.4. Mechanism of variable electrostatic capacity

From the CV and XRD measurement results, I propose the fol-
owing electrostatic capacity change mechanism. The polycyclic
romatic rings in intact ANS450 were stacked in layers, so that ions
ould not penetrate between the layers above 1 V, but only the bulk
urface acted as the area of the electric double layer capacitor. If
he aging voltage until 0.3 V was applied, then the aromatic rings
eparated, probably due to penetration of Li ions, and the stacking
tructures collapsed; this is similar phenomenon to the activation
rocess for carbon electrode used in capacitors. Cations could pene-
rate and adsorb on the aromatic rings in the form of electric double
ayers; therefore, each molecular chain acted as the rod-like elec-
rode of a capacitor. As a result, the effective area was significantly
ncreased, and an increase in the electrostatic capacity was  able to
e realized.

During the charging process, sulfide anions were oxidized to
orm disulfide bonds, however, higher-order steric information
ould not be obtained from the XRD results. Since ANS450 became
morphous after charging, I assume that intermolecular disulfide
onds were formed in addition to intramolecular bonds, and the
omposites were crosslinked by the intermolecular disulfide bonds
nd �–� stacking interaction. Therefore, cations were eliminated
rom the oxidized composite materials, which resulted in a signif-
cant decrease of the electrostatic capacity.

.5. Capability as battery

The charge–discharge cycle characteristics of the ANS450 cell
re shown in Fig. 7. Although there was slight degradation with
ycling, the ANS450 cell exhibited a high capacity of approximately
00 mAh  g−1 at 50 cycles. The coulombic efficiency was as high as
pproximately 100%, which was much higher than that of the Li-
ulfur cell (less than 90%). When fully charged cell was  stored in
n open circuit for 1 day, the Li-sulfur cell lost the capacity to less
han 30%, although the Li-ANS450 cell retained the capacity of 100%.
rom these results, it was  evident that sulfur fixation in ANS450
as effective for solving dissolution problems in the Li-sulfur

ell.
Usually, organic active materials are not conductive and require

arge amount of conductive additives. And, the densities of the

rganic active materials are low. Therefore volumetric capacity
f the battery using organic material has to be low, even if the
ravimetric capacity is high. On the other hand, the concentra-
ion of ANS450 can be increased up to 90 wt%, and the amount of

[

[

rces 203 (2012) 184– 189

conductive additives, Ketjen black, is only 5 wt%. The cell using this
cathode showed quite high capacity of 0.68 Ah g−1-cathode, and
the average discharge voltage was  1.8 V. The density of the intact
cathode was 1.5 g mL−1, which is much higher than those of usual
organic materials. The volumetric capacity of the Li-ANS450 cell
can be calculated to 1.8 kW L−1-cathode, which has the potential to
realize the ultrahigh energy density battery.

4. Conclusion

An electric charge storage device with high capacity was pro-
posed based on a “battery with variable electrostatic capacity”
idea; the electrostatic capacity, a physical quantity, is significantly
changed by the redox, a chemical reaction, and the capacity of the
capacitor is superimposed on the capacity of the battery.

In order to fix sulfur, a mixture of anthracene and sulfur was
calcined to prepare a sulfur composite material. The composite
material exhibited an extremely large capacity that was larger than
the capacity estimated from the sulfur content. The electrostatic
capacity of the composite material changed significantly with the
redox reaction, and the basic concept of a “battery with electro-
static capacity” was  validated. Close examination of the capacity
generation mechanism provided evidence that the major factor
of capacity increase was  due to the “variable electrostatic capac-
ity” phenomenon. The development of an electric charge storage
device based on the “battery with variable electrostatic capacity”
is expected in the future.
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