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ABSTRACT: Sulfur has a high specific capacity of 1673 mAh/g
as lithium battery cathodes, but its rapid capacity fading due to
polysulfides dissolution presents a significant challenge for
practical applications. Here we report a hollow carbon nanofi-
ber-encapsulated sulfur cathode for effective trapping of poly-
sulfides and demonstrate experimentally high specific capacity
and excellent electrochemical cycling of the cells. The hollow
carbon nanofiber arrays were fabricated using anodic aluminum
oxide (AAO) templates, through thermal carbonization of
polystyrene. The AAO template also facilitates sulfur infusion into the hollow fibers and prevents sulfur from coating onto the
exterior carbon wall. The high aspect ratio of the carbon nanofibers provides an ideal structure for trapping polysulfides, and the thin
carbon wall allows rapid transport of lithium ions. The small dimension of these nanofibers provides a large surface area per unit
mass for Li,S deposition during cycling and reduces pulverization of electrode materials due to volumetric expansion. A high specific
capacity of about 730 mAh/g was observed at C/S rate after 150 cycles of charge/discharge. The introduction of LINOj; additive to
the electrolyte was shown to improve the Coulombic efficiency to over 99% at C/S. The results show that the hollow carbon
nanofiber-encapsulated sulfur structure could be a promising cathode design for rechargeable Li/S batteries with high specific

Li*

energy.
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echargeable batteries with high specific energy are essential

for solving imminent energy and environmental issues.
Li-ion batteries have one of the highest specific energies among
rechargeable batteries,' > but state-of-the-art technology based
on intercalation mechanism has a theoretical specific energy
of ~400 Wh/kg for both LiCoO,/graphite and LiFePO,/
graphite systems.”> To achieve higher specific energy, new
materials for both the cathode and anode are required. Despite
significant progress in the development of high capacity anode
materials, such as nanostructured Si,°~° the relatively low charge
capacity of cathodes remains the limiting factor for commercia-
lizing rechargeable batteries with high specific energy. Current
cathode materials, such as transition-metal oxides and phos-
phates, have an inherent limit of 300 mAh/g.'® On the other
hand, sulfur cathodes have a theoretical capacity of 1673 mAh/g.
Though its voltage is 2.2 V vs Li/Li’, which is about 60% of
conventional Li-ion batteries, the theoretical specific energy of
the Li/S cell is ~2600 Wh/kg, five times higher than that of the
LiCoO,/graphite system.'" Sulfur also has many other advan-
tages such as low cost and nontoxicity. However, the poor cycle
life of Li/S batteries has been a significant hindrance toward its
commercialization. The fast capacity fading during cycling is due
to a variety of factors, including the dissolution of intermediate
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lithium polysulfides products (Li,S,, 4< x < 8) in the electro-
lyte,"* large volumetric expansion of sulfur (~80%) during
cycling, and the insulating nature of Li,S. In order to improve
the cycle life of Li/S batteries, the dissolution of polysulfides
is one of the key problems to tackle.">'* Polysulfides are soluble
in the electrolyte and could diffuse to the lithium anode, resulting
in undesired parasitic reactions. The shuttle effect also leads to
random precipitation of Li,S, and Li,S on the positive electrode,
which dramatically changes the electrode morphology and thus
results in fast capacity fading."®

As a result, efficient trapping of polysulfides is highly desired
for improving the cycle life of Li/S batteries. Various alpproaches
have been demonstrated, such as surface coating,167 ® conduc-
tive matrix,”® novel electrolytes,”">* and porous carbon.'®**~2¢
For example, graphene/polymer coating has been shown to give
a smaller capacity decay of 10—15% over 100 cycles with a
discharge capacity of 600 mAh/g."” Porous carbon is another
attractive approach, as it can both trap polysulfides and provide
conductive paths for electrons. Nevertheless, a large surface area
of sulfur is still exposed to the electrolyte, as the particle size of
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the porous carbon is typically on the order of 1 xm, which causes
significant polysulfides dissolution.'* Based on our own research
and literature studies in the past several years, we believe that an
ideal structure for sulfur electrode should have the following
characteristics: (1) a closed structure for efficient polysulfides
containment; (2) limited surface area for sulfur—electrolyte
contact; (3) sufficient space to accommodate sulfur volumetric
expansion and small characteristic dimension of the sulfur electrode
to avoid pulverization; (4) a short transport pathway for both
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Figure 1. Schematic of design and fabrication process of hollow carbon
nanofibers/sulfur composite structure. (a) The design principle showing the
high aspect ratio of the hollow carbon nanofiber for effective trapping of
polysulfides and (b) the fabrication process of carbon/sulfur cathode
structure. (c) Digital camera images showing the contrast of AAO template
before and after carbon coating and sulfur infusion.

electrons and Li ions to achieve high capacity at a high power
rate; (S) alarge conductive surface area for depositing insulating
Li,S, and Li,S, in order to preserve the morphology of
electrodes;'® and (6) suitable electrolyte additives to passivate
the lithium surface to minimize the shuttle effect. Some of these
characteristics require structure designs that are self-conflicting,
such as the minimization of sulfur—electrolyte contact and the
large surface area needed for Li,S, and Li,$ plating, which explain
why it is very challenging to realize sulfur electrodes with high
specific capacity and long cycle life.

To address these requirements, we designed a hollow carbon
nanofiber-encapsulated sulfur electrode structure, comprising
vertical arrays of hollow carbon nanofibers filled with melted
sulfur (Figure 1a). Anodic aluminum oxide (AAO) membranes
were used as templates for the fabrication of hollow carbon
nanofibers, through a polystyrene carbonization process. AAO
membranes have been shown to be effective templates for
synthesizing nanomaterials in energy applications, due to the
large surface area and uniformity of the nanopores.”” *° In the
present structure, the AAO membrane serves as both a template
for carbon nanofiber formation and a barrier to prevent sulfur
from coating onto the exterior carbon fiber wall. The nanofiber
diameters range between 200 and 300 nm, while the length is up
to 60 um, corresponding to the AAO template structure (Figure
S1, Supporting Information). Sulfur is effectively contained in
the high-aspect-ratio hollow carbon nanofibers, and its contact
with the electrolyte is limited to the two openings. The hollow
structure also provides large space for sulfur expansion during
cycling. As lithium can easily penetrate the thin carbon wall, rapid
ionic transport is also possible. The one-dimensional conductive
carbon nanofibers enable facile transport of electrons and a
large area for depositing Li,S, and Li,S. These attributes of the
hollow carbon nanofiber structure are important in ensuring high
specific capacity and stable cycle life of the sulfur cathode in Li/S
batteries.

We empbhasize that it is important to have sulfur coated only
onto the inner surface of hollow carbon nanofibers instead of the
exterior surface. Multiwalled carbon nanotubes/sulfur composite

Sulfur

Figure 2. SEM characterizations of hollow carbon nanofiber-encapsulated sulfur. (a) AAO template after carbon coating. (b) Hollow carbon nanofiber-
encapsulated sulfur after etching away AAO template. (c) Cross-sectional image of hollow carbon nanofiber/S array and elemental mapping of carbon

(d) and sulfur (e) of (c).

4463 dx.doi.org/10.1021/nl2027684 [Nano Lett. 2011, 11, 4462-4467


http://pubs.acs.org/action/showImage?doi=10.1021/nl2027684&iName=master.img-001.jpg&w=240&h=233
http://pubs.acs.org/action/showImage?doi=10.1021/nl2027684&iName=master.img-002.jpg&w=300&h=205

Nano Letters

(a)

(0 e

Counts (a.u.)
(@]
(]
=4

= bty
0 1 2 3 4 5 7
Ener\y (keV)

(o]

Figure 3. TEM characterizations of hollow carbon nanofiber-encapsulated sulfur. (a) Bright field TEM image of an individual nanofiber. The green line
represents counts of sulfur signal along the dashed orange line. (b) Dark field STEM image (up) and EDS mapping of sulfur (down, in green) of the
nanofiber. (c) Zoom-in image of another sulfur-filled carbon nanofiber, showing the thin carbon wall. (d) The corresponding average EDS spectrum
obtained from the nanofiber in (c). Scale bars in (a) and (b) are both 500 nm.

(b)

after 1.5 hr

after 7.5 hr

Figure 4. AES of the AAO/carbon template filled with sulfur, before and after sputtering with Ar ions. (a) SEM image of the top view of carbon coated
AAO template after infusion of sulfur. The scale bar is 200 nm. Elemental mapping of sulfur (b) before Ar sputtering and (c) 1.5h, (d) 4.5 h,and (e) 7.5h

after sputtering. The sputtering rate is about 3.3 um/h.

have previously been demonstrated but sulfur was mainly coated
onto the outer surface.”" ~>* Consequently sulfur was exposed to
the electrolyte without any capping, and the dissolution issue was
not solved. To tackle this issue, we used a template-assisted method
to fabricate a cathode structure with sulfur only coated on the
inner wall of the carbon fibers, as shown in Figure 1b. AAO
template (Whatman, pore size ~200 nm, thickness ~60 xm)
was used as the template for making hollow carbon nanofibers.
Typically, 120 mg of AAO membrane was placed inside an
alumina boat, and 2 mL of 10 wt % of polystyrene (PS)
suspended in dimethylformamide (DMF) was dropped onto
the template as the carbon precursor. The carbonization was
done by heating the AAO/PS/DMF mixture at 750 °C for 4 h
under a slow flow of N, gas. After cooling down, carbon-coated

AAO template was loaded into a small glass vial, together with a
controlled amount of 1% sulfur solution in toluene. The sample
was dried in a vacuum oven, before being heated up to 155 °C
and kept for 12 h to ensure uniform sulfur diffusion into the
carbon fibers. To remove the AAO template, the AAO/carbon
nanofiber/sulfur composite is immersed in 2 M of H3PO,
solution for 10 h. Figure 1c shows the digital camera images of
pristine AAO template before (white) and after (black) carbon
coating and sulfur infusion, indicating that sulfur was absorbed
into the hollow carbon fibers.

Scanning electron microscopy (SEM) images of the designed
structures at different stages of fabrication are shown in Figure 2.
After carbon coating at 750 °C, continuous hollow carbon
nanofibers were formed inside the AAO template (Figure 2a).
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Figure 5. Electrochemical performance of the carbon nanofiber-encapsulated sulfur cathodes. (a) Typical charge/discharge voltage profiles at C/S and
C/2.(b) Cycle life at C/5 and C/2, as compared to a control sample in which the AAO was not etched away. The voltage range is 1.7—2.6 V vs Li/ Li*.

The weight gain after carbon coating was about 2% of the AAO
template. Figure 2b shows the image of hollow carbon nanofibers
after sulfur infusion and AAO etching. Typically, the weight ratio
of sulfur to carbon was 3:1 in the final electrode structure,
corresponding to a 75 v% of sulfur content in the composite.
The sulfur loading was controlled so that there was enough free
space for sulfur to expand during the formation of Li,S. To
confirm the presence of carbon and sulfur, energy-dispersive
X-ray spectroscopy (EDS) mappings were performed over the
cross-section of the whole carbon nanofiber array, with the
corresponding SEM image in Figure 2c. Carbon (Figure 2d)
and sulfur (Figure 2e) signals were detected uniformly over the
whole cross-section, validating our structural design and indicat-
ing that sulfur was well distributed within the hollow carbon
nanofibers.

Further evidence of sulfur containment within the carbon
nanofiber was provided by the transmission electron microscopy
(TEM) images. Figure 3a shows a hollow carbon nanofiber with
sulfur encapsulated inside. Sulfur appears darker under TEM, as
it is heavier than carbon. An EDS line scan (dashed orange line)
across the carbon nanofiber further confirmed the presence of
sulfur. The green spectrum represents the counts of sulfur signal
along the dashed line. The spectrum shows clearly that sulfur is
present only inside the hollow carbon nanofibers but not outside.
This is also verified by the sulfur EDS mapping in Figure 3b. The
full EDS spectrum over the whole tube (Figure 3d) shows clearly
the carbon and sulfur peaks but not any aluminum signal,
indicating that there is no or very little alumina residue left from
the AAO template. The zoom-in image (Figure 3c) of another
carbon nanofiber shows the fiber wall has a thickness of only
8—9 nm, which is important in allowing fast kinetics of lithium
ion diffusion.

Spatial distribution of sulfur inside the hollow carbon nano-
fiber arrays is further demonstrated by auger electron spectros-
copy (AES) with Ar ion sputtering. Figure 4a shows the top view
SEM image of the nanofiber array, revealing the hexagonal
packing. The elemental mapping of sulfur before sputtering
(Figure 4b) also gave similar hexagonal pattern, suggesting that
sulfur was present in the hollow channels. Figure 4c—e shows the
sulfur elemental mappings after 1.5, 4.5, and 7.5 h of Ar ion
sputtering, respectively. Around 25 ym, of the sample was etched
away after 7.5 h of sputtering. The variation in the sulfur mapping
patterns was due to the change in the AAO channel morphology
at different depths (Figure S1, Supporting Information). The
hexagonal packing became much clearer at regions closer to the
center of the hollow nanofiber array. The AES mappings show
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that globally sulfur is well distributed from the top to deep inside
the hollow carbon nanofibers.

The above characterizations clearly show that hollow carbon
nanofiber-encapsulated sulfur was formed with the assistance of
the AAO template. To further understand the crystal structure of
carbon and sulfur in the final structure, Raman spectroscopy and
X-ray diffraction (XRD) were perform to study the as-fabricated
sulfur electrode. The Raman measurement shows a typical
spectrum of partially graphitized carbon, indicated by the G
band (1600 cm™ ') and D band (1360 cm™')** in Figure S2,
Supporting Information. The G band features the in-plane
vibration of sp2 carbon atoms, and the D band originates from
the defects. The coexistence of the two bands indicated that the
carbon was partially graphitized with some defects and disorders.
The absence of sulfur peak in the Raman spectrum of the final
electrode structure indicates that sulfur was well encapsulated in
the hollow nanofibers.

XRD pattern (Figure S3, Supporting Information) of the
carbon/sulfur composites only shows a weak peak at 23.05°
corresponding to the strongest (222) peak of orthorhombic
sulfur (PDF 00-001-0478). This indicates that sulfur in the
hollow nanofibers was very poorly crystallized, which was con-
sistent with previous observations that confined sulfur was less
crystalline.'”*° We notice that there is no peak related to
crystalline Al,O; phase in the XRD pattern, indicating that the
AAO template was still amorphous after carbonization at 750 °C.
This is crucial for the etching of AL,Ojz. In contrast, AAO
template heated to 780 °C was difficult to remove, and extra
peaks appear in the XRD pattern, suggesting that AAO has trans-
formed into a crystalline phase (Figure $4, Supporting Information).

To evaluate the electrochemical performance of hollow carbon
nanofiber-encapsulated sulfur, 2032-type coin cells (MTI) were
fabricated. The prepared sample was pressed onto an aluminum
substrate as the working electrode without any binder or con-
ductive additives. Lithium was used as the counter electrode. The
electrolyte was 1 M of lithium bis(trifluoromethanesulfonyl)imide
(LVTFSI) in 1,3-dioxolane and 1,2-dimethoxyethane (volume ratio
1:1). The typical mass loading was 1.0 mg sulfur/cm” and the specific
capacities were calculated based on the sulfur mass only.

The voltage profiles of hollow carbon nanofiber/sulfur com-
posites at different current rates are shown in Figure Sa. The
discharge/charge profiles of both C/5 and C/2 (1C=1673 mA/ g)
show the typical two-plateau behavior of a sulfur cathode,
corresponding to the formation of long-chain polysulfides
(Li,S,, 4< x < 8) at 2.3 V and short-chain Li,S, and Li,S at
2.1 V. Moreover, the second plateau is flat, suggesting a uniform
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Figure 6. Electrochemical performance of the carbon nanofiber-encapsulated sulfur electrode in electrolyte with LINO; additive. (a) Capacities for
charge/discharge cycling at C/S. (b) Comparison of Coulombic efficiencies for samples with and without LiNO; additive in the electrolyte, for cycling

at C/S and C/2.

deposition of Li,S with little kinetic barriers. It was also observed
that the cycling capacity drop was small (~5%) when the current
rate increases from C/10 to C/S after four cycles (Figure SS,
Supporting Information), indicating good kinetics of the working
electrode. This could be attributed to the high quality of carbon
and the thin carbon fiber wall, which significantly improved
electronic and ionic transport at the cathode.

Cycling performance at C/5 and C/2 is presented in
Figure Sb, together with that of the same carbon hollow fiber/
sulfur composite without removing AAO template. With AAO
etched away, the cathode structure showed impressive capacity
retention. At C/S, the reversible capacity was more than 900
mAh/g after 30 cycles of charge/discharge. This is higher than
the results reported for silica colloidal monolith (SCM) derived
carbon/sulfur composite, which shows a dlscharge capacity of
around 500 mAh/g after 30 cycles at C/5.'* A reversible capacity
of around 730 mAh/g was observed after 150 cycles of charge/
discharge. The discharge capacity at C/2 also shows good cycling
stability, and the reversible capacity was around 630 mAh/g after
150 cycles. These results show improved performance in specific
capacity as compared to our prev10us study on graphene-
wrapped sulfur cathode structures.'” In the control sample where
the AAO template was not etched away, the electrode has a much
lower stable capacity of about 380 mAh/g. Interestingly, the
cycling stability of the nonetched sample was slightly better, as
the capacity stabilized after 15 cycles of charge/discharge, and the
decay was only about 3% for the next 30 cycles before leveling off.
This shows that the removal of AAO template is necessary to
improve charge transfer through the sidewall of the carbon fibers
to achieve high cycling capacity, but at the same time, alumlna
can potentially help trap polysulfides to improve the cycle life.*®
The mechanical support provided by the AAO template could
have also enhanced the stability of the cathode structure. Further
optimization of the etching time could realize the possibility of a
sulfur electrode with better specific capacity and cycle life.

To further improve the battery performance, 0.1 mol/L of
LiNO; was added to the electrolyte as additive. LINOj3 has been
shown to passivate the surface of lithium anode and thus reduce
the shuttle effect.">*” Figure 6a shows that in the presence of
LiNOs;, the initial discharge capacity was around 1560 mAh/g,
approaching the theoretical capacity of sulfur. The cycling
stability is similar to the samples without LINO; additive. More
importantly, the average Coulombic efficiency increases signifi-
cantly from 84% to over 99% at C/$ and from 86% to 98% at C/2
(Figure 6b). The improvement in Coulombic efficiency confirms
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that the LiNO; additive can significantly reduce polysulfides
reaction at the lithium anode and thus the shuttle effect. The
combination of rational design of cathode structure and electro-
lyte additives can achieve a high specific capacity sulfur cathode
with stable cycling performance and high Coulombic efficiency.

In summary, we have developed hollow carbon nanofiber-
encapsulated sulfur cathodes to achieve high-performance Li/S
batteries. In this rational design, sulfur was only coated onto the
inner wall of carbon nanofibers by utilizing an AAO template.
The high aspect ratio of hollow carbon nanofibers reduces the
random diffusion of polysulfides in the organic electrolyte, while
the thin carbon wall allows fast transport of lithium ions. A
reversible capacity of around 730 mAh/g was observed after 150
cycles of charge/discharge at C/S. Addition of LiNOj; to the
electrolyte significantly improved the Coulombic efficiency to
98% and 99% at C/2 and C/S5, respectively. Our results show that
the hollow carbon nanofiber-encapsulated sulfur cathode struc-
ture could be a very promising candidate for high-performance
Li/S batteries.
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