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HIGHLIGHTS

GRAPHICAL ABSTRACT

o A flexible sulfurized polyacrylonitrile
cathode was prepared by simple
pyrolysis.

e The SPAN cathode shows rollability,
and bendability to 180° without
fracture.

e The cathode contains no binder, cur-
rent collector and conducting
additives.

e Na/SPAN cell shows good cycle
performance.

eThe 1st capacity of 342 mAh galctrode

remains 266 mAh g~! after 200
cycles.
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This study introduces a new flexible cathode that contains no binder, conductive additive and current
collector, but instead consists solely of a sulfurized polyacrylonitrile nanofiber (SPAN) web which is
prepared by a simple pyrolysis process with low cost raw materials. This not only exhibits good elec-
trochemical properties, but also a high flexibility, rollability, and bendability to 180° without fracture. Its
feasibility as a cathode for a low cost and flexible Na/S battery is subsequently evaluated on the basis that
S, PAN, and Na are cheap materials. The SPAN web delivers a high first discharge capacity of 604 mAh g1
— electrode (1473 mAh g~ ! — sulfur) at 0.01 C based on sulfur content. In cycle performance at 0.1 C, a
first discharge capacity of 342 mAh g~ ! — electrode is obtained and remains over 266 mAh g ' —
electrode after 200 cycles along with the coulombic efficiency near 100% from the second cycle. In terms
of rate capability, it is shown to be capable of delivering a capacity of as high as 71 mAh g~! at 1 C. The
reversible electrochemical reaction of the SPAN web with Na is related to a reversible bond between the
C—S and S-S bonds of the SPAN web.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

We currently live in a world where portable electronic devices
such as cellular phones and laptop computers are much thinner and
lighter than the heavy, thick, rigid, and bulky designs of the past.
The future development of such devices will be therefore toward
even more portable, ultrathin/lightweight, and flexible devices.
Products from the developments may include roll-up displays,
conformable active RFID tags, e-skins, wearable sensors, and
implantable medical devices [1-7].

As such products have typically obtained their electric power
from lithium ion batteries, the same goals also apply to battery
technology. Consequently, there have been a number of studies
aimed at developing flexible electrodes for lithium ion cells [8].

However the very limited resources of lithium (typically in the
order of 20 mg kg~! in the earth’s crust and 0.18 mg L~ ! in
seawater) has created a high price for the metal that is expected to
only increase in the future. In contrast, sodium is abundant and
cheap, with concentrations as high as 28,400 mg kg~ ! earth's crust
and 11,000 mg L~! in seawater. And sulfur as the cathode active
material has many advantages such as high theoretical capacity of
1672 mAh g, and abundance (340 mg kg~! earth's crust). The
overall electrochemical reaction of the room temperature Na/S
battery is 2Na + S — NayS, along with the high theoretical energy
density of 1230 W h kgL After the first report in 2006 [9], a
number of studies has been reported [10—17]. And they has pointed
out overcoming the low electric conductivity of elemental sulfur
and the dissolution of the high order sodium polysulfides causing
the various drawbacks such as fast capacity decrease during
cycling, which are similar technical hurdles found in Li—S battery,
to realize the high performance Na/S battery. Although a cheap and
flexible battery can contributes to commercialization of a lot of
flexible electronic devices, there was no study into the possibility of
flexible Na/S cells operating at room temperature [13].

Since most active materials are rigid, previous studies have
tended to focus on combining them with flexible current collectors
(or conducting agents) made from carbon materials or conductive
paper, polymer, etc. [8,18]. This has meant that the preparation
methods usually consist of two steps: the preparation of a flexible
current collector, followed by its combination with a rigid active
material [8]. Various methods have been used for this, such as
hydrothermal reaction [19], photothermal reduction [20], pulsed
laser deposition [21], ultrasonication and co-deposition [22], cast-
ing and drying [23].

Unfortunately, all of these methods bear fundamental and
inevitable limitations. The foremost among these is the need for a
flexible current collector that has both good flexibility and high
electrical conductivity. Secondly, the flexible current collector re-
duces the capacity of the electrode due to its weight. Another
limitation is the detachment of the active materials from the cur-
rent collector by a severe physical deformation or the electro-
chemical reactions. Furthermore, a secondary step to attach the
active material requires complex process and additional cost.
Therefore, there is a strong need for a new approach to the flexible
cathode which consists of only active material without a separate
current collector. This concept offers many advantages in terms of
simplifying the preparation process, eliminating the detachment of
active material, and, most importantly, increasing the total elec-
trode capacity. The realization of a single-body flexible cathode has,
however, been delayed by the difficulties associated with achieving
the right combination of high flexibility, good electrical conduc-
tivity, and good electrochemical reactivity.

Sulfurized polyacrylonitrile is well known as a cheap and high
capacity cathode material suitable for lithium and sodium
rechargeable cells [24—26]. During heat treatment,

polyacrylonitrile forms a heterocyclic ring that provides a high
electrical conductivity of 1074 S cm~! [26]. Thus it can be possibly
used as an electrode without current collector. In addition the
electrochemical properties can be further improved by varying its
morphology to nanonets or nanofibers [27,28].

It is well known that a rigid material can be flexible without
fracture when it has a specific nanometer scale structure: Carbon
can be flexible in the forms of carbon nanotube and nanofiber [29].
Thus, in this study, SPAN webs were fabricated through the simple
heat treatment with the sulfur of electrospun PAN nanofiber webs.
This experiment aimed at producing a flexible cathode without a
binder, conducting agent, and current collector. The electro-
chemical properties of the flexible SPAN cathode vs Na/Na™ are
investigated. In addition, the charge/discharge mechanism is clar-
ified using a singular cathode.

2. Experimental
2.1. Preparation of SPAN webs

The SPAN webs were prepared by a two-step process of elec-
trospinning PAN nanofiber webs and their pyrolysis with sulfur. An
electrospinning solution was prepared by dissolving PAN (10 wt%,
Mw = 150,000, Polyscience, USA) in N,N-dimethylformamide (DMF,
DAEJUNG, Korea) and homogeneously dispersing it by stirring at
60 °C for 12 h. This solution (4 mL) was then loaded into a 10 mL
syringe fitted with a 21-gauge metallic needle (ID: 0.51 mm, OD:
0.81 mm) at its end. A flow rate of 1.8 mL h~! and high voltage of
19 kV was then applied to the needle, with the PAN nanofibers
being then collected on a rotating drum (180 rpm) positioned about
18 cm from the needle tip. The as-spun PAN nanofiber web (PAN
web) was then removed from the drum collector and set in an
alumina boat. Afterward it was homogeneously covered with sulfur
powder (Aldrich). The alumina boat was then transferred into a
quartz tube furnace and pyrolyzed at 450 °C for 6 h at a heating rate
of 10 °C min~' under an Ar atmosphere (100 sccm flow rate).
Following this, the SPAN web was analyzed by a micro element
analyzer (Flash 2000 CHNS/O Analyzer, Thermo scientific, USA) (see
Supporting Information, Table S1), and then punched to form a
1 cm-diameter disc that was used directly as a cathode and has a
weight from 0.73 mg with a thickness of ca. 30 um. For comparative
purposes, a HT-PAN web was also obtained by pyrolyzing the PAN
web under the same conditions, but without the addition of sulfur.

2.2. Electrochemical characterization

A sodium metal disc (Aldrich, 99%) and 1 M of NaPFg in ethylene
carbonate (EC) and diethyl carbonate (DEC) (1:1 = v/v, Soulbrain,
Korea) were used as the anode and the electrolyte, respectively. A
glass fiber filter (GF/D, Whatman, UK) was used as a separator. A
SPAN web was used as a cathode without conducting agent, binder
and current collector. Assembly of the Na/SPAN cell was carried out
by sequentially stacking the sodium anode, glass fiber filter sepa-
rator, and SPAN web. Swagelok-type cell containers were used for
this, and all stages of assembly were conducted in an argon-filled
glove box.

Electrochemical characterization was performed through gal-
vanostatic tests carried out at room temperature using a
WBCS3000 battery cycler (WonATech Co., Korea). A voltage range
between 0.7 and 2.8 V vs. Na/Na" was selected, and the current
densities of 0.01, 0.1, 0.5 and 1 C rates were selected based on the
sulfur content of the SPAN web samples. Potentiostatic testing was
conducted by means of a frequency response analyzer (VMP3,
Biologic, France) operating at a scan rate of 0.1 mV s~! and at room
temperature.



L. Kim et al. / Journal of Power Sources 307 (2016) 31-37 33

2.3. Characterization

In order to assess any change in the surface morphology during
charge and discharge, the Na/SPAN cells were first disassembled in
an argon-filled glove box and the SPAN web was rinsed in diethyl
carbonate (DEC, Soulbrain, Korea) for more than 5 min. This was
then dried in the same argon-filled glove box without exposure to
air at room temperature for more than 3 days. The dried SPAN webs
were subsequently transferred to a field-emission scanning elec-
tron microscope (FESEM, Quanta3D, FEI, Netherlands) without
exposure to air by means of an argon-filled transfer chamber.
Energy-dispersive X-ray spectroscopy (EDS, SiriusSD, e2v, UK) was
also used for elemental mapping.

Detailed characterization of the various chemical bonds in each
sample was performed using a HR Micro Raman spectrometer
(LabRAM HR800 UV, Horiba Jobin Yvon, France) equipped with a
514 nm argon-ion laser. For this, the SPAN webs were sealed in a
specially designed holder under an argon atmosphere to prevent
their contamination by air.

Characterization by a 300 kV field emission transmission elec-
tron microscope (HR-TEM; 300 kV, TF30ST, Technai, USA) was
coupled with energy-dispersive X-ray spectroscopy (EDS, QuantaX,
Bruker, Germany) to analyze the SPAN web samples. During the
transfer of these samples from the argon-filled glove box to the HR-
TEM, they were exposed to the air for less than 1 min.
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3. Results and discussion

Fig. 1 (a) shows photographs of an as-electrospun PAN web (PAN
web), the PAN web after heat treatment (HT-PAN web) and a SPAN
web before and after bending to 180°. In its as-spun state, the PAN
web was highly flexible and able to be bended like a sheet of paper.
Furthermore, it showed no discernible recovery from the bended
state (see Supporting Information, movie clips). The HT-PAN web,
on the other hand, was so rigid and brittle that it fractured when
bent. More significantly, the SPAN web exhibited very different
physical properties, being even more like paper than the as-spun
PAN web. This gave it a very high flexibility, rollability, and bend-
ability to 180° and it easily recovered its original shape. These re-
sults indicate that the SPAN web is very suitable for use as a cathode
in a flexible cell.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.jpowsour.2015.12.035.

The bendable SPAN web shown in Fig. 1 (a) was used directly
(i.e. without a binder, current collector and additional conductive
material) as a cathode in conjunction with a metallic Na. Fig. 1 (b)
presents the cyclic voltammetry curves obtained over two initial
cycles at a scan rate of 0.1 mV s~ .. A large cathodic peak appeared at
0.85 V during the first reduction reaction. This peak became smaller
and shifted to a higher voltage of 1.16 V in the following scan, with
one small peak also appearing at 1.61 V. A broad peak at 1.62 V
evident during the first oxidation reaction, however, was slightly
shifted to 1.78 V without a change in shape during the second
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Fig. 1. (a) PAN web, HT-PAN web, and SPAN web before and after bending to 180°, (b) cyclic voltammetry, (c) charge/discharge curves to the second discharge of the SPAN web, and
(d) schematic showing the previously reported concept (left) and the present concept (right) for flexible cathode.
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oxidation reaction. These results imply that the SPAN web can
function alone as a cathode, despite the absence of an additional
conducting agent.

A Na/SPAN cell was charged and discharged at a rate of 0.01 C
based on this sulfur content. The resulting charge and discharge
curves in Fig. 1 (¢) show that the first discharge capacity reached
604 mAh g~! — electrode. Since the SPAN web contained 41 wt%
sulfur (see Supporting Information, Table S1), the 604 mAh g~ —
electrode is corresponding to 1473 mAh g~! — sulfur, i.e., 1.76 so-
dium per one sulfur. And the first discharge curve showed a plateau
at 1.5 V that was followed by a gradual decline. During the first
charge, a capacity of 332 mAh g~ ! — electrode (810 mAh g~! —
sulfur) was obtained and the first charge curve exhibiting a single
sloping plateau at around 1.7 V. The Na/SPAN cell showed no
plateau at the second discharge, which is well known for SPAN from
the previous results [24,28], while the Na/S battery with elemental
sulfur cathode shows two plateaus at ~ 2.2 and 1.7 V, respectively,
by reducing Sg (elemental sulfur) to NayS. This can imply that only 1
sodium ion per a sulfur atom returned to the sodium anode. During
the next second discharge, the capacity of 329 mAh g~! — electrode
(802 mAh g~! — sulfur) was delivered giving an irreversible ca-
pacity loss of 275 mAh g ' — electrode compared to the first
discharge capacity. Unlikely to the first discharge curve, the second
curve started at a higher voltage that then continuously declined.
This can be attributed to the fact that the second cathodic peak is
very small and close to the first one as shown in Fig. 1 (b).

Fig. 1 (d) shows a schematically rendered concept of the present
flexible cathode in comparison with a previously reported exam-
ples [8], in which the active material is confined within a flexible
current collector. This reveals several inherent drawbacks: Complex
preparation process, physical detachment of active material from
the flexible current collector by mechanical deformation and a
reduction in capacity due to the use of electrochemically inert
substrates. In contrast, the SPAN web cathode consists of only a
single flexible material which is fabricated by a simple pyrolysis
process and, thus, is free from the above drawbacks. And the results
in Fig. 1 (b) and c clearly demonstrate that electrons move through
the SPAN and the SPAN web works well as the flexible cathode.

Since the cathode is composed of only active material without
binder, conducting agent and current collector, it is easy to clarify
the electrochemical mechanism during charge/discharge. To un-
derstand their electrochemical behaviors, the SPAN webs were
collected after discharge and charge. Fig. 2 (a) presents FESEM
images obtained from these SPAN webs, in which they consist of
straight SPAN nanofibers. The SPAN nanofibers have diameters of
several hundred nanometers with high aspect ratio, which might
be the origin of the flexibility. To our knowledge this is the first
report for a fully flexible cathode with only an active material. This
morphology was maintained after the second discharge, and as
shown in Fig. 2 (a), there was no evidence of any new foreign
particles or defects such as cracks, cleavages, and dents on the SPAN
nanofibers. This means that the SPAN web itself remains stable
during the electrochemical reactions.

The changes of the chemical composition during charge/
discharge were analyzed by EDS as shown in Fig. 2 (b). Sodium
plays a key role in the overall electrochemical reaction, as it is
strongly believed to react with sulfur. The sodium to sulfur ratio is
summarized at the upper part in Fig. 2 (b). After the first discharge
there were 1.71 sodium atoms per sulfur atom, but this ratio
decreased to 0.83 during the first charge. Afterward it returned to
1.9 during the next discharge. The first discharge capacity in Fig. 1
(c) is well matched with the ratio of sodium to sulfur in Fig. 2 (b).
Thus the capacity should come from the electrochemical reaction of
sodium to sulfur without side reactions. Some of sodium remains in
SPAN web after first charge, which should be the origin of small

capacity of first charge and second discharge in Fig. 1 (c). Thus the
irreversibility at second discharge can be explained by the stable
sodium of SPAN web. Also, 1 sodium atom per sulfur atom revers-
ibly participates in the electrochemical reactions, which is well
matched with second discharge capacity in Fig. 1 (c). The elemental
composition of SPAN web is shown at the lower part in Fig. 2 (b).
Also, it was found that the atomic ratio of C:S:N in the original SPAN
web was ca. 3:1:1, and is similar to the results of previous studies
[25,28]. The same ratio was preserved after charge and discharge,
which suggests that the molecular structure of the SPAN web was
maintained and that sulfur did not dissolve into the electrolyte
during electrochemical reactions.

The four samples in Fig. 2 (a) were further characterized by
Raman spectroscopy to verify the existence of C—S bonds in the
SPAN material and their changes during electrochemical reaction.
As shown in Fig. 2 (¢), the original SPAN web produced peaks at 314,
371, 394, 480, 920, 1300, and 1500 cm~ . The latter two are
generally assigned to the disordered (D mode) and graphite like (G-
band) structures of carbon, respectively [28]. These two peaks were
also observed with the HT-PAN web (see Fig. S1). The first five peaks
below 1000 cm~! were attributed to the reaction of PAN with sulfur
(see Fig. S1). However, the patterns are different from previous
results, which might be related to single SPAN without binder and
conducting additives [25,28,30]. The peaks at 314, and 371 cm™!
were assigned to C—S bonds, and the peaks at 480 and 920 cm ™' to
S—S bonds, but 394 cm™~! is not clear yet [30]. The C—S bond might
come from sulfur bonded with carbon of heterocyclic ring, which is
believed due to sulfur which covalently bonds to the PAN backbone
in the chain structure [31] and might result in the sloping discharge
curve in Fig. 1 (c). Furthermore, all of the five peaks below
1000 cm~! exhibited electrochemical reversibility, disappearing
after first and second discharge and reappearing after first charge.
These results clearly prove that the C—S and S—S bonds are broken
and reversibly reconnected during discharge and charge, respec-
tively. This is a clear evidence for the electrochemical reversibility
of C—S and S—S bonds in the SPAN. As demonstrated in the Raman
results and elemental analyses, sulfur chemically bonds to the PAN
backbone, which means that sulfur exists within the PAN nanofiber
uniformly. If sodium reacts with sulfur, then the sodium must be
matched with sulfur, in carbon matrix.

Fig. 2 (d) represents the changes of HR-TEM images, selected
area electron diffraction (SAED) pattern, and EDS results of SPAN
nanofiber by charge and discharge. Original SPAN nanofiber
showed a blurred ring SAED pattern indicative of an amorphous
structure and a similar pattern was obtained in the case of charge or
discharge. From the EDS and Raman results, it is clear that there
was a uniform distribution of sulfur and sodium within the SPAN
nanofibers of all the SPAN webs, which means that the amorphous
discharge products are generated uniformly and repeatedly within
the SPAN nanofibers without partial agglomeration during elec-
trochemical reaction. The SPAN nanofibers also showed clear signs
of the presence of sodium after the first charge, which is consistent
with the results in Fig. 2 (b).

Prior to the cycle performance testing, the SPAN web cathode
was pre-cycled once at 0.01 C (see Fig. S2). Fig. 3 (a) shows the
typical charge and discharge curves that were subsequently ob-
tained for the first, second, 20th, and 200" cycle at a rate of 0.1 C.
Note that the first discharge curve has no clear plateau, but instead
shows a continuous voltage decline; a tendency that was main-
tained in the other discharge curves with a high reversibility. Fig. 3
(b) presents the cycling behavior of the SPAN web cathode. The first
discharge capacity of 342 mAh g~! — electrode was obtained. From
the second cycle, a stable discharge capacity of 257 mAh g~! —
electrode was delivered and maintained during 200 cycles along
with a capacity of 266 mAh g~! — electrode. The coulombic
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Fig. 2. (a) FESEM micro images, (b) atomic ratio of sodium to sulfur and elemental composition (EDS results), (c) Raman spectra, and (d) HR-TEM analyses of the SPAN web after

each charge and discharge.

efficiency was near 100% from the second cycle. Since SPAN web
cathode did not contain binder, conducting agent and current col-
lector, the capacity of 266 mAh g~! — electrode after 200 cycles is
higher than flexible cathode for lithium ion batteries [32—37]. Fig. 3
(c) shows the rate capability from 0.01 C to 1C relative to the sulfur
loading, which reveals that the SPAN web cathode is capable of
delivering ca. 310 mAh g~! — electrode at 0.01 C. An increase in the

discharge rate causes the capacity to gradually decrease, but it still
remains as high as 72 mAh g~! — electrode at 1C. In spite of the lack
of any additional conducting material, the high porosity, high sur-
face area should have contributed to this excellent rate capability.

Investigation of the SPAN web cathode after cycling by FESEM
confirmed that it retained its original morphology without any
deterioration such as cracks, cleavages, and dents on the SPAN
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nanofibers after 200 cycles. The distribution of Na in the SPAN web
was in a good accordance with the FESEM images and EDS results of
C and N elements. These indicate that the SPAN web well main-
tained its morphology during repeated cycling. The good cycling
property is likely owing to the reliable structure of the SPAN web
cathode.

Commercial carbon fiber is easily produced by heating PAN fiber.
Thus, the SPAN web can be prepared using same facilities because
SPAN can be prepared through heating the PAN fiber with sulfur.
Especially, S, PAN and Na are abundant and cheap materials. This
presents a huge potential to commercialize the flexible and low
cost Na/S cells. Further, this concept can be applicable to the Li/S
battery.

4. Conclusions

This study has demonstrated that a flexible web cathode pro-
duced solely from SPAN offers high flexibility, rollability, and
bendability to 180° without any fracture. The reversible electro-
chemical reaction of this SPAN web with sodium was proven to be
the result of reversible cleavage/bond formation between the C—S
and S—S bonds of the SPAN web. During the charge/discharge test
at 0.01 C based on sulfur content, the SPAN web delivered a high
first discharge capacity of 604 mAh g~ ! — electrode (1473 mAh g~ !
— sulfur). It also produced a good cycling performance over 200
cycles, as well as a high capacity of 266 mAh g~ ' — electrode after
the 200 cycle. In rate measurements, it delivered a capacity as
high as 71 mAh g~! — electrode at 1C. Since PAN fiber is an inex-
pensive material produced in commercial quantities for the
manufacture of carbon fibers, its modification to SPAN through

pyrolysis with sulfur requires only minimal additional facilities.
This presents a huge potential to the commercialization of the SPAN
web material, making it a very promising candidate for the reali-
zation of low cost and flexible Na/S cells.
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