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ABSTRACT: Lithium sulfide (Li,S) with a high theoretical capacity
of 1166 mAh g™ is a promising cathode material for Li—$ batteries
as it allows for the use of lithium-free anodes. However, a large
overpotential (~1 V) is usually needed to activate microsized Li,S
particles due to their low electronic and ionic conductivities. Here,
nano-Li,S/carbon paper electrodes are developed via a simple Li,S
solution filtration method. Li,S nanocrystals with a size less than 10
nm are formed uniformly in the pores of carbon paper network.
These electrodes show an unprecedented low potential difference
(0.1 V) in the first and following charges, also show high discharge
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capacities, good rate capability, and excellent cycling performance.

More specifically, the nano-Li,S/carbon nanotube paper electrodes show a reversible capacity of 634 mAh g~' with a capacity
retention of 92.4% at 1C rate from the 4th to 100th cycle, corresponding to a low capacity fading rate of 0.078% per cycle. These
results demonstrate a facile and scalable electrode fabrication process for making high performance nano-Li,S/carbon paper
electrodes, and the superior performance makes them promising for use with lithium metal-free anodes in rechargeable Li—S

batteries for practical applications.
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1. INTRODUCTION

High energy rechargeable batteries are in increasingly high
demand owing to the increasing use of electric vehicles and
portable electronics. Lithium—sulfur (Li—S) batteries, with a
high theoretical specific capacity of sulfur (ie, ~1672 mAh
g™'), are considered as a promising high energy density
substitute of traditional lithium-ion batteries."™* Sulfur as a
cathode material has many benefits, such as abundance, low
cost, high energy, and environmental benignity. Because of the
lack of lithium in the sulfur cathode before cycling, lithium
metal is usually used as the anode which has safety and
cyclability issues,””® impeding the commercialization of Li—S
batteries. In this regard, lithium sulfide (Li,S), the fully lithiated
state of sulfur with a theoretical capacity of 1166 mAh g™/, is a
more desirable cathode material compared to sulfur as it could
allow lithium-free anodes to be used, such as graphite, Si, Sn,
and metal oxides.””"” Due to the low electronic conductivity,
low lithium-ion diftusivity, and high charge transfer resistance
of lithium sulfide, a large overpotential (~1 V) was usually
observed in the initial activation of micrometer-sized Li,S
particles, which requires a high cutoft voltage of ~4.0 V in the
first charge.””*' At this high potential, the commonly used
ether-based electrolytes in Li—S batteries could be unstable and
deteriorate their electrochemical performance.”

Recently, several Li,S cathodes with low initial overpotential
have been developed. To decrease the activation barrier of Li,S,
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there are two main strategies. One is to use electrolyte
additives,?>*>2° e.g., lithium polysulﬁde,zo’23 redox media-
tors,”* LiL,***® and PZSS;ZS however, the effect of decreasing
overpotential is not very satisfactory. The other one is to reduce
Li,S particle size to the nanoscale.'”'”'®*"~*! Unfortunately,
Li,S is highly sensitive to moisture and has a high melting point
of 938 °C,*** which makes it difficult to synthesize Li,S
nanoparticles. In addition, like sulfur, Li,S also has the issue of
polysulfide shuttle in Li—S cells. To fulfill the high capacity of
Li,S, a good current collector (e.g, carbon) with a favorable
nanostructure which can hold polysulfides is needed in the Li,S
cathode. Currently, chemical synthesis of Li,S—carbon nano-
composites requires multistep sophisticated processes,' %>~
including high temperature carbonization in an inert atmos-
phere to protect Li,S from moisture, which are not scalable. To
enable Li,S cathodes for practical applications, a simple and
scalable method is needed.

Herein, we present a facile method to uniformly distribute
Li,S nanoparticles into binder-free, free-standing multiwalled
carbon nanotube (MWCNT) and carbon nanofiber (CNF)
paper current collectors by a Li,S solution filtration method.
The prepared electrodes are designated as nano-Li,S/MWCNT
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Figure 1. (a) Schematic illustration of the preparation procedure of the nano-Li,S/MWCNT paper electrode and cell configuration; (b) XRD
pattern of the blank MWCNT paper and nano-Li,S/MWCNT electrode; (c) curve fitting of the first peak in part b.

and nano-Li,S/CNF, respectively. This approach is inspired
from our previous work on the highly reversible Li/dissolved
polysulfide cell usinga MWCNT paper current collector.”* The
Li,S nanoparticles with a size of less than 10 nm are formed in
the pores of carbon paper, regardless of the pore size in the
carbon network. These electrodes show an unprecedented low
overpotential in the first charge, high discharge capacities, good
rate capability, and excellent cycling performance. This process
is under low temperature, and high Li,S loading can be
achieved, making it a low cost, scalable approach.

2. EXPERIMENTAL SECTION

Materials. Lithium trifluoromethanesulfonate (LiCF,SO;, 98%,
Acros Organics), lithium nitrate (LINO;, 99+%, Acros Organics),
dimethoxy ethane (DME, 99+%, Acros Organics), 1,3-dioxolane
(DOL, 99.5%, Acros Organics), lithium sulfide (Li,S, 99.98%, Sigma-
Aldrich), and anhydrous ethanol (99.5%, Sigma-Aldrich) were
purchased and used as received.

Preparation of MWCNT and CNF Paper. An 80 mg portion of
MWCNTs (Nanostructure and Amorphous Materials, Inc.) was
dispersed in a miscible solution of deionized water (700 mL) and
isopropyl alcohol (20 mL) by ultrasonication for 10 min, followed by
vacuum filtration to render a free-standing MWCNT paper. The
MWCNT paper was dried in an air-oven for 24 h at 100 °C before
being peeled off and punched out into circular disks with 1.2 cm
diameter (1.13 cm® in area, 2.2—2.4 mg in mass) for use as the current
collector. The preparation of CNF (Sigma-Aldrich) paper is similar to
that of the MWCNT paper.

Preparation of Nano-Li,S/MWCNT and Nano-Li,S/CNF Paper
Electrodes and Cell Assembly. An appropriate amount of
commercial lithium sulfide powder was dissolved in anhydrous ethanol
in an argon-filled gloved box to form a 0.5 M Li,S solution. The
MWCNT paper was further dried at 100 °C under vacuum for 10 h to
remove moisture before the preparation of nano-Li,S/MWCNT paper
electrode. First, 15 yL of Li,S solution was added into the MWCNT
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paper, and then the nano-Li,S/MWCNT electrode was dried at 40 °C
inside the glovebox. The nano-Li,S/MWCNT electrode was flipped,
and additional Li,S solution was added, and then the electrode was
dried again. This procedure was repeated three times until the mass of
Li,S in the electrode was calculated to be 1 mg, corresponding to 0.9
mg cm ™ in the electrode. Finally, the nano-Li,S/MWCNT electrode
was dried at 100 °C in the gloved box for another 5 h to completely
remove ethanol. For the cell assembly, 20 uL of electrolyte (1.0 M
LiCF;S0,/0.1 M LiNO; in DME/DOL (1:1 v/v)) was added into the
nano-Li,S/MWCNT electrode, and then a Celgard 2400 separator was
placed on top of the electrode, followed by additional electrolyte and
lithium metal anode. Finally the cell was crimped for electrochemical
evaluation on an Arbin battery cycler. For the preparation of electrodes
with a Li,S loading of 1.8 mg cm™, the Li,S solution filtration and
drying process was repeated six times, and then the Li,S mass was
accumulated to be 2 mg, corresponding to 1.8 mg cm™ in the
electrode. For the high Li,S loading of 3.6 mg cm™, two layers of
nano-Li,S/MWCNT electrodes were stacked, and each has a Li,S
loading of 1.8 mg cm™. For the preparation of nano-Li,S/CNF
electrodes, a similar Li,S solution filtration method was used, and the
Li,S loading is 0.9 mg cm™

Characterization. The X-ray diffraction (XRD) data of the nano-
Li,S/MWCNT electrode and pristine MWCNT paper were collected
on a PANalytical Empyrean X-ray diffractometer equipped with Cu Ko
radiation. The samples were protected in the sample holder by Kapton
tape. The scanning rate was 1° min™', and 26 was between 20° and
80°. The XRD pattern of commercial Li,S powder was also collected
for comparison. The morphological characterizations were conducted
with a JEOL JSM-7800F field emission scanning electron microscopy
(SEM). The elemental mapping was performed with energy-dispersive
X-ray spectroscopy (EDX) attached to the SEM.

Electrochemical Characterization. In the cycling measurements,
the cells with a Li,S loading of 0.9 mg cm™ were galvanostatically
charged to 2.8 V at C/20 rate in the first charge with an Arbin battery
cycler, then cycled between 1.8 and 2.8 V at C/10 and C/S rates,
1.75—-2.8 V at C/2 rate, 1.65—2.8 V at 1C rate, and 1.6—2.8 V at 2C
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Figure 2. (a and b) SEM images of the pristine MWCNT paper, (c—e) SEM images of the freshly made nano-Li,S/MWCNT paper electrode, and

EDX mapping of carbon (f) and sulfur (g) in part e.
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Figure 3. (a) CV of the nano-Li,S/MWCNT electrode cycling between 1.6 and 3.0 V at a voltage scanning rate of 0.05 mV s™'; (b) voltage profile,
the cell was first charged at C/20 rate and then cycled at C/10 rate; (c) Nyquist plots of a cell with a nano-Li,S/MWCNT paper electrode after
freshly made (black) and after first cycle (red); (d) cyclability and Coulombic efficiency of cells at C/S, C/2, and 1C rates; (e) rate performance; (f)
typical voltage versus specific capacity profiles. All the capacity are in terms of the mass of Li,S.

rate. The dropping cutoff voltage with increasing rate is to guarantee
full discharge voltage profiles due to the larger overpotential at higher

2 were

rates. The cells with a Li,S loading of 1.8 mg cm~™
galvanostatically charged to 3 V at C/20 rate, and then cycled
between 1.8 and 3 V at C/10. The cells with a Li,S loading of 3.6 mg
cm ™2 were galvanostatically charged to 3 V at C/50, and then cycled
between 1.65 and 3 V at C/10. The current rates and specific
capacities were based on the mass of Li,S present in the cathode (1C =
1166 mA g™'). Cyclic voltammetry (CV) was performed on a Bio-
Logic VSP potentiostat from open circuit voltage to 3.0 V, and then
cycled between 3 and 1.6 V versus Li*/Li at a scanning rate of 0.05 mV
s™1. Electrochemical impedance spectroscopy (EIS) data were
collected with a Bio-Logic VSP impedance analyzer in the frequency
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range of 100 kHz—0.1 Hz with an applied voltage of 5 mV and Li foil
as the counter and reference electrode.

3. RESULTS AND DISCUSSION

The preparation procedure of the electrode is illustrated in
Figure la. First, commercial Li,S powder was dissolved in
anhydrous ethanol to form a homogeneous solution with a
concentration of 0.5 M Li,S, as reported by Wu et al.*
Subsequently, a specific amount of the Li,S solution was added
into a disc of MWCNT paper, followed by drying in an argon-
filled glovebox (<1 ppm of H,0). Since the MWCNT paper
has a strong absorbency to ethanol, the Li,S solution could
infiltrate throughout the MWCNT paper. Upon the evapo-
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Figure 4. (a) Cyclability of the cells with different Li,S loadings at C/10 rate. (b) Voltage versus time profile of two nano-Li,S/MWCNT paper
electrodes with different Li,S loadings. For the Li,S loading of 1.8 mg cm™, the cell was first charged at the C/20 rate, and then cycled between 1.8
and 3.0 V at the C/10 rate; for the Li,S loading of 3.6 mg cm™2, the cell was first charged at the C/50 rate, and then cycled between 1.65 and 3 V at
the C/10 rate. (c) Voltage versus specific capacity profiles of the Sth cycles of cells with different Li,S loadings (0.9, 1.8, and 3.6 mg cm™>) at the C/

10 rate.

ration of ethanol solvent, Li,S started to nucleate. The one-
dimensional (1D) structure of MWCNTs could provide
nucleation sites for the formation of Li,S particles, and the
3D porous structure of the MWCNT paper impedes Li,S
particles from agglomeration into microsized particles; there-
fore, the formed Li,S particles can be in nanoscale and be
uniformly dispersed in the network of the MWCNT paper.

X-ray diffraction (XRD) was performed to confirm the
crystal structure of the nano-Li,S/MWCNT electrode, and the
XRD pattern is shown in Figure 1b. The XRD diffractions of
Li,S (JCPSD 65-2981) and the pristine MWCNT paper are
also presented for comparison. The main peak of MWCNT is
centered at around 26 = 26.0°, which is known as the (002)
crystal plane of carbon nanotubes.*® The highest peak of Li,S is
at 20 = 27.4°, which overlaps with the (002) plane peak of
MWCNT. Figure 1c shows the curve fitting of the first peak in
Figure 1b. The two deconvoluted peaks can be assigned to the
(002) plane peak of MWCNT at 26.0° and the (111) plane
peak of Li,S at 27.4°, respectively. The other three major peaks
of Li,S in Figure 1b match well with the PDF data. These peaks
are broad, indicating the nucleated Li,S crystals are fairly small.
According to the Scherrer equation,37’38 the calculated size of
Li,S nanocrystals is about 7.8 nm.

Scanning electron microscopy (SEM) characterization was
conducted to investigate the morphology variation between the
pristne MWCNT paper and the freshly made nano-Li,S/
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MWCNT electrode, as shown in Figure 2. The top view of the
pristine MWCNT paper at low magnification displays the self-
weaving behavior of MWCNT's and the nanoporous network of
the MWCNT paper in Figure 2a. From the high magnification
SEM image in Figure 2b, it can be seen that the diameter of
MWCNTs is about 10—25 nm, and the size of pores is around
100—300 nm. Figure 2c—e presents the SEM images of the
nano-Li,S/MWCNT electrode; the pores of the MWCNT
paper were mostly filled with Li,S nanocrystals. The whole
structure of the nano-Li,S/MWCNT electrode is still porous,
which allows efficient electrolyte penetration. The MWCNTSs
offer nucleation and anchoring sites for the Li,S nanocrystals, as
shown by the red parallel lines in Figure 2d. Al MWCNTSs are
coated with Li,S nanocrystals, forming a core—sheath structure.
Obviously, the Li,S-coated MWCNTs in Figure 2d are much
thicker than the pristine MWCNTSs shown in Figure 2b. To our
surprise, the Li,S particles in the pores of the MWCNT
network are actually very small, most of which are less than 10
nm, as indicated by the green arrows in Figure 2d. The orange
circles indicate that the nanopores still exist in the electrode,
which are desirable for lithium-ion transport consequently
improving the electrode kinetics. The elemental mapping of
carbon (Figure 2f) and sulfur (Figure 2g) evidently validate that
they are homogeneously distributed in the nano-Li,S/
MWCNT electrode. Furthermore, Figure 2g does not show

DOI: 10.1021/acsami.5b06615
ACS Appl. Mater. Interfaces 2015, 7, 2147921486


http://dx.doi.org/10.1021/acsami.5b06615

ACS Applied Materials & Interfaces

Research Article

N
g
®

n

[l
o
1

2.4

Voltage (V vs. Li)
~n
N
1

0 5 10 15 20 25 30 35 40

100

5T
3
S

=

—-
|
]

600+

T
-]
=

8
o
L
T
8
Coulombic efficiency (%)

2004

Discharge capacity (mAh g™ Li,
T
b

T
0 20 40 60 80
Cycle number

Figure S. (a) SEM images of the pristine CNF paper; (b and c) SEM image of the freshly made nano-Li,S/CNF electrode; EDX mapping of carbon
(d) and sulfur (e) in part c; (f) voltage profile of the nano-Li,S/CNF electrode, the cell was first charged at C/20 rate and then cycled at C/S rate;
(g) cyclability and Coulombic efficiency of the cell at C/S rate. The capacity values are in terms of the mass of Li,S.

agglomerated sulfur clusters, indicating that the Li,S particles
are mostly in nanoscale.

Figure 3a shows the cyclic voltammogram (CV) of a half cell
with the nano-Li,S/MWCNT electrode. The voltage was first
swept from the open circuit voltage (~2.09 V) to 3 V followed
by cycling between 3 and 1.6 V at a rate of 0.05 mV s~". In the
first cycle, the wide anodic peak is centered at 2.48 V
corresponding to the oxidation of Li,S to polysulfides or
sulfur.” The anodic peaks in the following cycles have shifted
slightly to a lower voltage at around 2.4 V. The small potential
difference (0.1 V) between the first and following cycles in CV
indicates a negligible overpotential of the nano-Li,S/MWCNT
electrode, which is significantly smaller than those of
microsized Li,S crystals reported.””*' The anodic peak begins
splitting into double peaks at ~2.38 and ~2.43 V in the third
cycle, which correspond, respectively, to the transitions of Li,S
to low order polysulfides and then to high order polysulfides/
sulfur.”® In the cathodic sweep, the two peaks stay almost the
same from the 2nd to the 10th cycle, revealing an excellent
electrochemical stability of the nano-Li,S/MWCNT electrode.

Figure 3b shows the voltage profile of the first three cycles of
the nano-Li,S/MWCNT electrode in a half cell. The cell was
first charged to 2.8 V at C/20, and then cycled between 1.8 and
2.8 V at C/10. During the first charge, the initial charge voltage
is between 2.2 and 2.45 V, which is significantly lower than
those with microsized Li,S particles under similar charge
conditions,””***"***9~* indicating a negligible overpotential
in the nano-Li,S/MWCNT electrode. This result is consistent
with the CV shown in Figure 3a. The following discharge
exhibits two voltage plateaus which resemble the voltage profile
of conventional sulfur electrodes. To understand the impedance
in the nano-Li,S/MWCNT electrode, electrochemical impe-
dance spectroscopy (EIS) analysis was conducted on the cell.
As shown in Figure 3c, the charge transfer resistance (R)
reflected by the semicircle in the high—medium frequency

region in the freshly made nano-Li,S/MWCNT electrode is
only 51 Q. In contrast, the R significantly increases to about
121 Q after the first cycle (discharge). The low initial R
indicates good contact between Li,S nanocrystals and
MWCNTs in the nano-Li,S/MWCNT electrode, which
consequently results in the low overpotenial in the first charge.

The cycling performance of the nano-Li,S/MWCNT
electrode with a Li,S loading of 0.9 mg cm™ at different C
rates is shown in Figure 3d. The initial discharge capacities at
C/5 and C/2 are 843 and 794 mAh g, respectively. After 100
cycles, the remaining capacities are as high as 705 and 676 mAh
g~!, corresponding to capacity retentions of 83.6% and 85.1%,
respectively. As the current density increases to 1C rate, the
cycling stability improves. After the first three cycles, the
discharge capacity stays as high as 92.4% from the 4th cycle to
the 100th cycle, which corresponds to a low capacity fading rate
of 0.078% per cycle. Moreover, starting the second cycle, the
average Coulombic efliciency is around 97—99.5% over 100
cycles. The high efficiency could be ascribed to the addition of
LiNO; in the electrolyte and the good reservation of
polysulfides in the MWCNT paper.”* The low efficiency in
the first cycle could be due to side reactions and the formation
of solid electrolyte interphase (SEI) on the surface of lithium
metal anode. As the rate increases from C/5 to 1C, the
efficiency slightly increases; this is because high rates weaken
the shuttle effect of dissolved polysulfides by reducing the
retention time of polysulfides within the electrolyte per cycle.”

Figure 3e presents the rate capability of the nano-Li,S/
MWCNT electrode. The cell shows high discharge capacities of
860, 814, 749, and 678 mAh g™ at C/10, C/S, C/2, and 1C,
respectively. Even at a high rate of 2C, the discharge capacity
still can be 555 mAh g~'. When the rate regained to C/10, the
discharge capacity recovered to 810 mAh g™ which is only
marginally lower than that of the initial 10 cycles at C/10 rate,
implying high reversibility of the nano-Li,S/MWCNT elec-
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Table 1. Comparison of Electrochemical Performance of Li,S Electrodes”

cathode preparation loadin; initial discharge stable discharge capacity electrolyte  cutoff voltage (V vs Li*/Li)
electrode T/°C (mg/cm®)  rate capacity (mAh/g) (mAh/g) and cycles additive of first charge ref
Data from This Work
Li,S/MWCNT 100 0.9 C/ 879 776 and 50 cycles no 2.8 Vat C/20
paper 10
100 0.9 C/s 843 705 and 100 cycles no 2.8 Vat C/20
100 0.9 C/2 794 676 and 100 cycles no 2.8 Vat C/20
100 0.9 1C 729 634 and 100 cycles no 3Vat C/20
100 1.8 C/ 764 705 and 50 cycles no 3 Vat C/20
10
100 3.6 C/ 590 576 and S0 cycles no 3 Vat C/40
10
Li,S/CNF paper 100 0.9 C/s 827 716 and 80 cycles no 2.8 Vat C/20
Data from Other Sources
Li,S/carbon 300 1 C/s 400 370 and 50 cycles no 4.1 Vat C/20 11
Li,S/carbon 900 0.54 C/2 340 280 and 50 cycles polysulfides 3VatC/10 14
carbon coated 550 1.7 C/ 556 270 and 50 cycles no 3.5 Vat C/50 15
Li,S 50
Li,S/TiS, 400 1 C/2 666 512 and 400 cycles no 3.8 Vat C/20 17
Li,S/carbon 110 1 C/ 600 480 and 50 cycles polysulfides 3.8 Vat C/25 20
black 10
Li,S/sandwich S0 1 1C 620 520 and 100 cycles no 4Vat C/20 21
carbon
Li,S/carbon S0 3 C/ 460 190 and 150 cycles redox 3.6 Vat C/20 24
black 10 mediators
Li,S/CNF 50 1 Cc/ 800 620 and 80 cycles P,S; 4V at C/20 PR
10
Li,S/carbon 600 0.63 C/6 410 490 and 20 cycles no 3.5 Vat C/20 27
carbon coated 600 1.5 Cc/ 810 680 and 50 cycles no 3.8 Vat C/50 31
Li,$ 10
Li,S/MWCNT 600 1 C/s 420 130 and 50 cycles no 4V at C/20 32
Li,S/graphene 400 1 C/ S50 400 and 100 cycles no 4Vat C/20 35
10
Li,S/acetylene 60 LS C/ 520 450 and 50 cycles no 4.2V at C/20 42
black 10
Li,S/CNF 600 0.9 C/2 650 500 and 100 cycles no 3.2 Vat C/40 44
Li,S/N-doped 600 1 C/s 860 600 and 100 cycles no 4V at C/20 45
carbon
Li,S/rGO 700 0.96 C/ 860 300 and S0 cycles polysulfides 3.5 Vat C/20 46
10

“The discharge capacities are based on the mass of Li,S.

trode. Representative voltage profiles at different C-rates are
shown in Figure 3f. It can be seen that the cell polarization
(voltage difference between the first charge voltage plateau and
the second discharge voltage plateau) slightly increases from
0.19 to 0.47 V as the rate increases from C/10 to 1C. At 2C
rate, the second discharge voltage plateau is still at 1.87 V,
which is higher than the values reported in the literature.”"*’
The high rate capability can be attributed to the good electrode
kinetics resulting from the porous nanostructure of the Li,S/
MWCNT electrode as shown in Figure 2.

The nano-Li,S/MWCNT electrodes with different mass
loadings of Li,S have also been evaluated. Figure 4a shows the
cycle life of three cells at C/10 rate with Li,S loadings of 0.9,
1.8, and 3.6 mg cm™?, which correspond to the mass
proportions of Li,S of 30, 47, and 47 wt %, respectively, in
the electrodes. For the Li,S loading of 3.6 mg cm™> the
cathode consists of two layers of nano-Li,S/MWCNT
electrodes with a Li,S loading of 1.8 mg cm™ each. Figure
4b shows the voltage versus time profile of the first cycles of the
two cells with the Li,S loadings of 1.8 and 3.6 mg cm™.
Consistently, these two cells exhibit very low charge voltages
(overpotential) in their first charge, which are lower than 2.4 V.
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As can be seen in Figure 4a, the specific capacity of Li,S
decreases as the Li,S loading increases. For the Li,S loading of
1.8 and 3.6 mg cm ™, the initial capacities are 764 and 590 mAh
g~ at C/10 rate, respectively. After 50 cycles, the discharge
capacities are still maintained at 705 and 576 mAh g7'. A
representative voltage versus capacity profile of these three cells
is displayed in Figure 4c for comparison. For the high Li,S
loading of 3.6 mg cm ™, the initial capacity is lower than those
in the following cycles; this could be because inactive Li,S
particles within the high loading electrode could be utilized
during the later cycling. High Li,S loadings are essential for
practical use, and the Li,S loading of 3.6 mg cm™ is one of the
highest Li,S loadings ever reported.

To demonstrate the versatility of this method for other self-
weaving fibrous carbon current collectors, we also prepared and
evaluated nano-Li,S/CNF electrodes. CNFs are much thicker
than MWCNTSs, and they also form larger pores. Figure Sa
shows SEM images of the pristine CNF paper. The pristine
CNF paper has large pores the size of a few microns in the
CNF network. After the electrode was prepared, almost all
pores were filled with Li,S crystals as shown in Figure Sb,c.
Although the pores are very large, the Li,S particles are still
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nanosized and agglomerate in the pores forming a nanoporous
structure as shown in Figure Sc. The EDX spectrum in Figure
Se clearly shows that lithium sulfide is homogeneously
distributed in the CNF network. This result demonstrates
that only Li,S nanoparticles instead of large Li,S crystals can be
formed by this solution filtration method, regardless of the pore
size in the carbon network. The voltage profile of the nano-
Li,S/CNF electrode shown in Figure 5f is quite similar to that
of the nano-Li,S/MWCNT electrode shown in Figure 4b,
presenting very low charge overpotential. The main charge
voltage is below 2.4 V in the first cycle. With a Li,S loading of
0.9 mg cm™?, the nano-Li,S/CNF paper electrode can deliver a
high initial capacity of 827 mAh g™' at C/S rate and maintain a
capacity retention of 86% over 80 cycles, as presented in Figure
Sg. Obviously, the nano-Li,S/CNF electrode shows comparable
outstanding performance with the nano-Li,S/MWCNT elec-
trode. Table 1 compares the performance of nano-Li,S/
MWCNT and nano-Li,S/CNF electrodes with other Li,S
electrodes reported in the literature. The Li,S nanocrystals
confined in carbon paper show outstanding performance in
terms of initial charge voltage, specific capacity, rate capability,
and cycle life.

4. CONCLUSIONS

In summary, we have successfully developed a binder-free,
freestanding nano-Li,S/carbon paper electrode via a simple
Li,S solution filtration method, of which the carbon can be
MWCNT or CNF. Li,S nanocrystals are formed as small as 10
nm and are uniformly distributed in the nanoporous carbon
paper framework. The nanosized Li,S particles together with
the high conductivity of the carbon paper lead to low
impedance and high performance nano-Li,S/carbon paper
electrodes with negligible overpotentials in the first charge in
Li—S batteries. Both electrodes demonstrate high initial
capacities and excellent cycling stability. For example, the
nano-Li,S/MWCNT electrode retained a reversible capacity of
705 mAh g~' with a capacity retention of 83.6% at C/S rate
over 100 cycles. With a high Li,S loading of 3.6 mg cm™>, the
electrode still exhibits a reversible capacity of 576 mAh g~' at
C/10 rate over 50 cycles. The nano-Li,S/CNF electrode shows
comparable performance as the nano-Li,S/MWCNT electrode
with an initial discharge capacity of 827 mAh g~' at C/S rate
and a capacity retention of 86% over 80 cycles. These results
demonstrate a facile and scalable electrode fabrication process
for making high performance nano-Li,S/carbon paper electro-
des for high energy Li—S batteries. The superior cell
performance makes them promising to be used with metal-
free anodes in rechargeable Li—S batteries for practical
applications.
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