Journal of Applied Electrochemistry (2018) 48:487-494
https://doi.org/10.1007/s10800-018-1181-7

RESEARCH ARTICLE

@ CrossMark

lonic liquid treated carbon nanotube sponge as high areal capacity
cathode for lithium sulfur batteries

Henry Taisun Lin' - Gang Yang? - Yi-Yun Timothy Tsao® - Yifan Liu' - Choongho Yu'?

Received: 10 August 2017 / Accepted: 5 March 2018 / Published online: 10 March 2018
© Springer Science+Business Media B.V., part of Springer Nature 2018

Abstract

Tonic liquid (1-ethyl-3-methylimidazolium tetrafluoroborate) treated carbon nanotube (CNT) sponges were tested as a con-
ductive matrix and polysulfide reservoir for the cathode of lithium—sulfur batteries. X-ray photoelectron spectroscopy results
confirmed that this treatment doped fluorine and oxygen on the surface of the CNT, and experimental results showed that
this treatment had significantly improved adsorption of polysulfides in the CNT sponge. As a result, this sponge cathode
accommodated a remarkably high sulfur areal loading of 8 mg cm™2, showing a high areal capacity of 7.1 mAh cm~ at the
100th cycle at an areal current density of 1.28 mA cm™2 with an average capacity fading of 0.048% per cycle. The adsorbing
energy of Li,S, on the F/O-doped carbon structure was calculated using the density functional theory, confirming that the
doping made the polysulfide adsorption stable particularly due to fluorine. This study provides a useful approach of simul-
taneously introducing both fluorine and oxygen to carbon in order to significantly improve the polysulfide adsorption on
the carbon cathode and thereby obtain high areal discharge capacity, which is much more important than specific discharge
capacity for actual battery operation.
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and polysulfide shuttle [5, 11, 12], which make the current
Li-S batteries similar or inferior to the current Li-ion bat-
teries [13]. Over the past years, various brilliant ideas have
been rigorously suggested to alleviate the polysulfide shuttle
problems, significantly extending cycling performance [3,
5-8]. Now it is time to study how to increase the sulfur load-
ing rather than specific capacity based on sulfur because the
sulfur loading is closely tied to the actual amount of energy
stored in batteries.

In typical Li-S batteries, insulating sulfur and poly-
sulfides necessitate conductive additives such as carbon
black [1, 14], graphene [15, 16], and carbon nanotube (CNT)
[5, 16] in cathode. The additives and sulfur are powdery,
which requires a binder to make a cathode but the binder is
insulating and inactive, which increases the weight and the
cost of the cathode. Moreover, the intermediate polysulfides
are in liquid phase during charge/discharge processes, and
they may smear out from cathode, demanding more conduct-
ing additives to maintain the battery performance. These
inactive materials lessen the relative amount of sulfur in
cathode, eventually resulting in only a moderate energy den-
sity in actual battery cells due to a low sulfur loading. There-
fore, it is important to find an effective method for increasing
the areal sulfur loading in the cathode of Li-S batteries.

A large surface area and a high affinity to polysulfides
are other crucial features of the cathode of Li-S batteries.
When the sulfur loading in cathode is too high, the liquid-
phase polysulfides can easily migrate to anode irreversibly.
This not only reduces the active sulfur in cathode, but also
degrades the performance due to the passivation of anode
surface. To have a high-affinity surface, it has been found
that surface modifications with functional groups and nano-
particles on carbonaceous cathode materials are effective
[3,6-9].

Here, we have alleviated the aforementioned two prob-
lems encountered with a high sulfur loading by eliminating
the inactive binder and enlarging the cathode surface area
with an increased polysulfide affinity. Our Li-S batteries
employ three-dimensional (3-D) sponge-like CNT bulks
whose CNTs are connected during the synthesis process.
The synthesis process of this binder-free CNT sponge is suit-
able for mass production with low cost [17, 18]. The CNT
has many walls and some of the outer walls have been exfoli-
ated using a simple treatment with an ionic liquid (1-ethyl-
3-methylimidazolium tetrafluoroborate, [EMIM][BF,]). This
treatment also promotes chemisorption of polysulfides on
the CNT due to the modification of the graphitic carbon with
polysulfide-attracting groups [19-21].

The CNT sponge was synthesized by a chemical vapor
deposition (CVD) method using ethylene gas (Airgas,
99.999%) and ferrocene (Sigma Aldrich, 98%) as a carbon
source and a catalyst, respectively [22]. A cylindrical CNT
sponge (Fig. 1a) was synthesized in a 22-mm inner diameter
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quartz tube, which was placed inside a three-zone tube
furnace (Lindberg/Blue M STF55346C). Prior to the syn-
thesis process, the ferrocene catalyst powders were placed
in zone 1 (upstream) and then Ar (Airgas, 99.999%) was
passed through the tube with a flow rate of 200 sccm for
10 min to purge air in the tube. Afterwards, the Ar gas was
switched to H, with a flow rate of 260 sccm. At the same
time, the temperatures of zone 1 and zone 3 were raised to
120 °C within 20 min and 650 °C within 10 min, respec-
tively. After the targeted temperatures were reached, 80 sccm
Ar gas passing through a water bubbler and 80 sccm C,H,
(Airgas, 99.999%) were added to the gas flow for 0.5-1 h to
grow cylindrical sponge-like CNTs from the inner wall of
the tube. Then the furnace was cooled down with 200-sccm
Ar gas.

The as-synthesized CNT sponge was immersed in the
ionic liquid, [EMIM][BF,] (Sigma Aldrich, 99%), and
then heated to 200 °C within 20 min. The temperature of
the sample was maintained at 200 °C for 1 h, and then the
sample was naturally cooled down to room temperature. This
treatment process was carried out in an ambient condition to
get oxygen exposure. The CNT sponge was immersed into
deionized water at ~70 °C overnight for several times to get
rid of ionic liquid residues. Finally, the CNT sponge was
dried in a vacuum oven at ~60 °C.

The morphology was inspected by an FEI Quanta 600
scanning electron microscope (SEM) and a JEOL JEM-2010
transmission electron microscope (TEM). The pristine CNT
sponge consists of many entangled and connected CNTs [17,
22, 23]. After the ionic liquid treatment, the structural integ-
rity of the CNT sponge (I-CNT) was maintained (Fig. 1b),
but the outer walls (graphitic layers) of the CNT were exfo-
liated and etched (Fig. 1c). High-resolution TEM images
display wavy graphitic layers (Fig. 1d) and graphitic layers
disengaged from the CNT (Fig. le).

X-ray photoelectron spectra (XPS) were obtained using
an Omicron XPS/UPS system with Argus detector using
Mg Ka as X-ray source to investigate the surface chemical
compositions of the [-CNT and the pristine CNT (Fig. 2a).
The XPS peak near 688 eV from I-CNT was identified as
C-F bonds (Fig. 2b), which could be resulted from BF, in
the ionic liquid [24]. This peak would be composed of three
different C—F bonds—sp* C—F (semi-ionic) bond, chemi-
cal (covalent) bond, and C—F physical bond [24]. We also
noticed that the peak corresponding to O 1s near 532 eV
became prominent after the ionic liquid treatment, which
could be ascribed to oxygen exposure from ambient air dur-
ing the treatment process. The relative amounts of oxygen
and fluorine in the pristine CNT and the I-CNT are displayed
in Table 1 by normalizing at% of oxygen and fluorine by the
at% of carbon.

These additional elements could play an important role
in attracting polysulfides to alleviate the polysulfide shuttle



Journal of Applied Electrochemistry (2018) 48:487-494

489

Fig. 1 a A photograph of an as-synthesized CNT sponge. SEM (b) and TEM (c—e) images of I-CNT (CNT after the ionic liquid treatment). The
TEM images show etched surfaces (c¢), wavy graphitic layers (d), and disengaged graphitic layers (e)
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Fig.2 a XPS scan results of the I-CNT and the pristine CNT, show-
ing prominent F and O peaks after the ionic liquid treatment. The
inset shows photographs of a pristine Li,Sq solution (left), a Li,Sq
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solution with pristine CNT sponges (middle), and a Li,S¢ solution
with I-CNT sponges (right). b XPS analysis results of the I-CNT cor-
responding to F 1s. (Color figure online)
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Table 1 Element content (at%) of the pristine CNT and I-CNT nor-
malized by at% of carbon based on the XPS results

Element O (at%)/C(at%) F (at%)/C(at%)
CNT 17.3% -
I-CNT 30.0% 9.0%

problem. To qualitatively test the affinity of polysulfides to
I-CNT, pristine CNT and I-CNT sponges were separately
immersed into an 1 mM Li,S¢ solution (molar concentration
based on S atom). To prepare the solution, sulfur (Sigma
Aldrich, 99.5%) and Li,S (Sigma Aldrich, 99.98%) were dis-
solved in 1,3-dioxolane:1,2-dimethoxyethane (DOL:DME)
(1:1 by volume, Alfa Aesar, 99%) in a 5:1 molar ratio, and
then the mixture was stirred and heated at 90 °C for 3 days
in an Ar atmosphere until a reddish solution was formed, as
shown in the left vial of the inset of Fig. 2a. When 3.6 mg of
pristine CNT sponges was immersed in a 2 mL polysulfide
solution, the color of the solution was barely changed (the
middle vial). However, after adding 3.6 mg I-CNT sponge
to the solution, the reddish color disappeared (the right vial),
suggesting polysulfides were adsorbed on I-CNT.

The influence of I-CNT sponge on the battery cell perfor-
mance was then identified when it was used as the cathode
of Li-S batteries. First, the CNT sponges were sliced and cut
into a coin shape (~3/8 inch in diameter) with a thickness
of ~1 mm to make coin cells. A desired amount of sulfur
powders were spread over one coin-shaped sponge, and then
another one was placed on top of the sulfur. Subsequently,
the sulfur-sandwiched CNT sponge was cold-pressed by
applying 2 ton force for 10 min to have a compact cathode,
whose thickness became ~(0.2 mm. To assemble CR2032
type coin cells, a Li metal foil and a Celgard 2400 separa-
tor were stacked, and ~ 10 pL of electrolyte [1-M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and 0.5 M
LiNO; dissolved in DOL:DME (1:1 v/v)] were subse-
quently applied. Afterwards, the cathode was placed onto
the separator, followed by adding 80 pL of the electrolyte.
The cells were cycled between 1.7 and 3 V at desired rates
(1C=1600 mA g~') using an Arbin BT2000 battery tester.

Figure 3a shows the cycling performances of the cells
made of the pristine CNT and the [-CNT with an areal cur-
rent density of 1.20 mA cm~2, which corresponds to 0.25 C
(1 C=1600 mA g~!) when the areal loading of sulfur is
3 mg cm~2 (CNT:S =8:3 weight ratio). The specific dis-
charge capacity of the cell made of the pristine CNT was
only 617 mAh g~! (based on sulfur) after 100 cycles. In
contrast, the specific discharge capacity of the cell made
of the I-CNT sponge (I-CNT cell) was much higher after
100 cycles (1121 mAh g™'). Except the capacity fading at
the initial several activation cycles [11, 12], the capacity of
the I-CNT cell was stably maintained. For instance, the
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specific capacities of the I-CNT cell at the 3rd and 100th
cycles were 1174 and 1121 mAh g™, respectively, which
shows 95% capacity retention. The average capacity fading
rate was 0.048% per cycle and the Coulombic efficiency of
each cycle was higher than 98%, which confirms that the
I-CNT can effectively hold polysulfides in cathode, as dem-
onstrated in the inset of Fig. 2a, and thus the polysulfide
shuttle could be suppressed. Furthermore, the areal dis-
charge capacity was relatively large, showing 3.4 mAh cm™>
at the 100th cycle.

The “areal” discharge capacity is a much more important
parameter to evaluate the actual cell performance rather than
the “specific” discharge capacity. It should be noted that the
specific discharge capacity indicates the degree of sulfur
utilization. As the sulfur loading gets lower, more sulfur par-
ticipates in charge/discharge reactions, resulting in a higher
specific capacity. However, when it comes to the actual cell
performance, besides the degree of sulfur utilization, the
total sulfur loading should be considered. Therefore, it may
be misleading for the cell performance if only showing the
specific capacity.

When the sulfur loading was significantly increased to a
higher level, 8 mg cm™ (CNT:S =5:5 weight ratio), while
maintaining the areal current density at a similar level,
1.28 mA cm™2 (0.1 C), the areal discharge capacity was
remarkably increased to 7.1 mAh cm™ at the 100th cycle
(Fig. 3b), which is higher than the values in many previously
published literature [4, 12, 20, 25-30] and comparable to the
values in very recent literature [31-34]. It should be noted
that the larger areal capacity with the higher sulfur loading
reduced the specific capacity of the I-CNT cell (i.e., less
sulfur utilization due to the higher sulfur loading), but the
capacity still remained to be 880 mAh g~! after 100 cycles.
The capacity of the higher sulfur loading cases (i.e. 8§ mg
cm_z) was continuously increased, which indicates that sul-
fur was less utilized at the beginning due to inhomogene-
ously distributed sulfur [18]. While the specific discharge
capacity of the pristine CNT cell was similar in the range
of 600-700 mAh g~! for both sulfur loading cases, that of
the I-CNT cell was reduced with the higher sulfur loading.
Although the sulfur is less utilized for the higher sulfur load-
ing case, it is useful to increase the sulfur loading in order to
enlarge the actual energy density.

Figure 4 shows discharge/charge curves of the I-CNT and
pristine CNT cells. The I-CNT cell shows more stable dis-
charge/charge curves from the 3rd cycle while the pristine
CNT cell exhibited continuous changes in the curves. The
average capacity fading rates of the I-CNT and pristine CNT
cells were, respectively, 0.47 and 3.0% per cycle when com-
paring their 3rd and 100th cycles. Here the first two cycles
were not used for the comparison since cells need at least a
few cycles to reach a relatively stable or equilibrium state.
The I-CNT cell shows slightly lower discharge potentials
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Fig.4 Discharge and charge curves at 1st, 3rd, 10th, and 100th cycles when the I-CNT (a) or the pristine CNT (b) was used. Sulfur loading was
3 mg cm~? and discharge/charge rate was 1.20 mA cm™2 (0.25 C). (Color figure online)
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presumably due to larger overpotentials caused by the more
resistive exfoliated outer layers of the CNT compared to
those of the pristine CNT.

While the outstanding performance of our cells partly
comes from the binder-free structure and excellent electri-
cal conductivity of interconnected CNTs in the CNT sponge
cathode, the functional groups on the CNT surface would
also play a crucial role due to the higher sulfur utilization
(i.e., reducing dead sulfur) and the lower sulfur loss to anode
(i.e., reducing polysulfide shuttle). To further investigate
their roles, the most stable conformers were identified using
density function theory (DFT) calculations. In particular,
the sulfur adsorption on fluorine-containing carbon was
seldom mentioned unlike the previously studied polysulfide
immobilization effect with O and N doping on carbon [3,
20, 35-37].

Here, coronene molecule, containing 24 carbon atoms
with 12 hydrogen atoms, was used to represent the carbon
terminated at its edges. Li,S, was chosen as a model for
the polysulfides. All calculations were carried out by the

Table2 DFT calculation results of the adsorbing energy (AH)
between different adsorption sites and adsorbed Li,S¢

Doping None (Pris- Fonly Fand—-COOH —COOH only
tine)

Adsorption - C-F C-F -COOH -COOH

site

AH (eV) -1.01 -198 —-236 —-134 -1.36

(a) Top view (b) Top view

Side view

Side view

e, T 4

first principle DFT implemented with the Gaussian 09 soft-
ware package. The B3LYP/6-31 + G(d,p) level of computa-
tion was used for all structures to optimize geometries and
acquire the electronic energies. The electronic energy dif-
ference between the adsorbed system and isolated system
was calculated to obtain the binding energy of the sulfur
adsorbed on carbonyl and fluorine sites of the model. The
adsorbing energy is defined as the enthalpy change (AH)
between separated and adsorbed states of Li,Sq adsorbate
and different adsorbing sites.

We considered three different configurations for the car-
bon structure—the pristine carbon as a reference, a fluorine-
doped carbon, and a both fluorine/oxygen-doped carbon
because of the large amount of oxygen in I-CNT. The cal-
culated adsorbing energy (AH) between Li,S, and carbon for
the pristine carbon (—1.01 eV) was altered to — 1.98 eV after
the fluorine doping. The calculated AH values are displayed
in Table 2 and their optimized structures are shown in Fig. 5.
Here, the more negative AH of the fluorine-doped carbon
suggests that the fluorine doping makes the adsorption
more thermodynamically stable. The lone pair electrons of
fluorine could form a Lewis acid—base pair with Li,S,, and
thereby polysulfides could be effectively attracted near the
fluorine. The greater electronegativity difference between
fluorine and carbon atoms compared to that between carbon
atoms would cause highly polar C—F bonds, which results in
a stronger Coulombic interaction between the positively and
negatively charged atoms. As a result, we suggest a reason-
able hypothesis that lithium tends to approach fluorine in

(c) Top view

Side view

Fig.5 Top and side views of Li,S¢ adsorbed on a a pristine carbon group, b a fluorine-doped carbon, and ¢ a fluorine-doped carbon with —
COOH group. Black, gray, yellow, purple, red, and blue balls represent C, H, S, Li, O, and F atoms, respectively. (Color figure online)
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order to stabilize the system by reducing the system energy.
An intuitive evidence of this hypothesis is their relative posi-
tions shown in Fig. 5b, c—the Li atom in Li,S, is the closest
to the F atom.

When fluorine is co-doped with oxygen (Fig. 5¢), AH
between Li,S4 and F became more negative to —2.36 eV
compared to —1.98 eV from that of the fluorine-doped car-
bon. We believe that lithium could be similarly attracted
to the negatively charged oxygen in -COOH group, which
has been identified to display a good polysulfide adsorb-
ing characteristic [12, 19]. On the other hand, AH of Li,S¢
adsorbed on —COOH group on the fluorine-doped carbon is
—1.34 eV, which is better than that of the pristine carbon,
but worse than those of Li,S, and F. In addition, AH of Li,S,
adsorbed on —COOH group on the carbon without fluorine
was similar (— 1.36 eV). The computational results indicate
that Li,S, has stronger affinity to fluorine site compared to
—COOH group, and the adsorption of the polysulfides could
be further promoted by oxygen doping nearby.

In summary, we have synthesized and used porous
3-D CNT sponges as the cathode of Li—S batteries. To
enhance the energy density, we attempted to treat the CNT
sponge with the ionic liquid so as to increase the sulfur
loading and the areal discharge capacity. This treatment
created fluorine and oxygen functional groups on carbon
according to XPS results, resulting in stronger polysulfide
adsorbing characteristics. A high areal discharge capacity
(7.1 mAh cm~2) was obtained at the 100th cycle using with
a high sulfur loading (8 mg cm~2) and a high areal current
(1.28 mA cm™2), and a small average capacity fading rate
of 0.048% per cycle and a high Coulombic efficiency (>
98%) were observed. Our cells also displayed decent spe-
cific discharge capacities as high as 1121 mAh g~!. DFT
calculation identified that the fluorine site could be attrib-
uted to the impressive performance due to the more stable
adsorption of the polysulfides on the carbon structure. This
work shows not only an approach of significantly improv-
ing the performance of Li—S batteries, but also identified
major active sites to hold the polysulfide near cathode.
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