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ABSTRACT: We have investigated the chemical bonding interaction of S in a CTAB
(cetyltrimethylammonium bromide, CH;(CH,);5N"(CH3);Br’)-modified
sulfur-graphene oxide (S-GO) nanocomposite used as the cathode material for Li/S
cells by S K-edge X-ray absorption spectroscopy (XAS). The results show that the
introduction of CTAB to the S-GO nanocomposite and changes in the synthesis recipe
including alteration of the S precursor ratios and the sequence of mixing of
ingredients lead to the formation of different S species. CTAB modifies the cathode
materials through bonding with Na,S in the precursor solution, which is subsequently
converted to C-S bonds during the heat treatment at 155°C. Moreover, GO bonds with
CTAB and acts as the nucleation center for S precipitation. All these interactions
among S, CTAB and GO help to immobilize the sulfur in the cathode, and may be
responsible for the enhanced cell cycle life of CTAB-S-GO nanocomposite-based Li/S

cells.
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1. INTRODUCTION

The increases of global energy consumption and its environmental impact have made
sustainable and clean energy technologies highly desirable, especially in the
transportation sector. Among the various options, one possibility is to develop suitable
electric and hybrid electric vehicles powered by high-performance rechargeable cells
that deliver range and power comparable with combustion-engine vehicles. To
achieve this goal we need battery cells that are able to provide a specific energy of
350-400 watt-hours/kilogram (Wh/kg) with small capacity decay for 1000-1500
charge-discharge cycles.l'3 This is beyond the capability of the current
best-performing lithium-ion cells in the marketplace.® Thus scientists are actively
seeking new cell chemistries. One of the potential candidates is the lithium/sulfur
(Li/S) cell that could deliver higher power and energy than lithium-ion cells owing to
the high theoretical specific capacity of elemental S (1675 mA-h/g). Moreover, the
Li/S cell is much more environmentally friendly than the Li-ion cell. These
advantages have prompted intense effort to study Li/S cells."* > However, there are
technical challenges that preclude the widespread use of the Li/S cell, such as the
formation of lithium polysulfides with high solubility in most organic solvent
electrolytes. The diffusion of such species during the charge/discharge process leads
to the loss of active material, a short cycle life of the sulfur electrode, low utilization
of sulfur, and low Coulombic efﬁciency.lo'11 To address these issues, sulfur is
incorporated with conductive carbon materials, such as microporous carbon spheres,
porous hollow carbon, porous carbon nanofibers and graphene oxide (GO).'* This
strategy has proved to be effective as these carbon materials with high surface area
and porous structure can limit polysulfide dissolution." > *'> We used GO as a
support and conductive agent for the sulfur cathode material, due to its advantages of
high carrier mobility, high surface area and excellent chemical stability.l’ 8131617 Thin
films of S were deposited onto GO to produce a sulfur-graphene oxide (S-GO)
nanocomposite cathode for Li/S cells. It was found that: (a) the GO component is

partially reduced by the incorporation of S and thus the conductivity of GO is
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improved; (b) the carbon rings and oxygen-containing functional groups (such as
hydroxyl, epoxide, carbonyl and carboxyl groups) of GO interact with S, which helps
to immobilize S atoms on the GO surface.'®"’ However, these interactions only exist
at the inner S layer which is directly attached on the GO surface, limiting the
immobilization of S.* To further protect the S films, we developed a surface
modification method, with the applications of a surface agent CTAB
(cetyltrimethylammonium bromide, CH3(CH2)15N+(CH3)3Br').3 Later, a design of a
sandwich structure of CTAB-S-GO was fabricated.! With this cathode material and
other optimized parameters, the Li/S cells exhibited a very high initial discharge
capacity of 1440 mA-h/g of sulfur at 0.2C and excellent rate capability of up to 6C for
discharge and 3C for charge while still maintaining high specific capacity (e.g.,
800mA-h/g of sulfur at 6C). More remarkably, the cells demonstrated cycling
performance up to 1500 cycles with extremely low capacity decay rate of 0.039% per
cycle, which is among the best performance reported so far for Li/S cell.’ This CTAB
modified Li/S-GO cell meets most of the requirements for the development of clean
engine vehicles with zero emission. Although the cell performance has been
significantly improved, an in-depth understanding of the function of the cathode
material is still limited. In particular, how S, GO and CTAB interact with each other is
still not clear. In the previous study, the interactions between S and GO have been
investigated.'” However the information has been mostly obtained by using C and O
K-edge X-ray absorption spectroscopy (XAS) and X-ray emission spectroscopy
(XES), which are limited to the observations on the change of the GO. The major
element S is rarely mentioned, resulting in a limitation interfering with a complete
understanding of the chemical interactions in this cathode material. Moreover, the
importance of CTAB in the synthesis has not been realized in the early work and has
not been even under discussion in the previous studies. Completely understanding the
synthesis procedure helps to optimize the methodology for the controlled synthesis of
the desired cathode material that can be used to fabricate a high-performance Li/S
cell.

Previously, the XAS technique has established as a powerful tool in the studies of
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cathode material structures in various Li-ion cells.”’?* In this work, we have
employed the S K-edge XAS to monitor the evolutions of the S-containing species in
each step of the synthesis. S K-edge XAS probes the transition from the S 1s to the 3p
orbital. XAS peaks at different photon absorption energies typically represent
different S-containing species.”*® Combining the XAS spectra profiles with scanning
electron microcopy (SEM) morphological investigations and cell performance data,
this study elucidates how CTAB is introduced into the cathode material during the
sample preparation process, how it further modifies the surface of the S-coated GO,
affects the micro structure of the S-GO nanocomposite and subsequently influences
the cell performance. Finally, detailed elucidation of the structure-performance

relationship for the S-GO nanocomposites is obtained.

2. EXPERIMENTAL SECTION

We followed the process as reported before to synthesize all samples. Briefly, sodium
sulfide (Na,S, anhydrous, Alfa Aesar) and elemental sulfur (99.5% Alfa Asear) were
used as the precursors to synthesize the Na,Sy solution. A GO suspension in the
presence of CTAB was added to the Na,Sy solution during the cathode material
preparation process. Finally the mixed suspension was acidified with formic acid, to
form the S-GO-CTAB nanocomposite by precipitation. This procedure is illustrated in
Figure 1 and described in the Supporting Information. The sample obtained from this
procedure is designated as S1-GO/CTAB. By changing fabrication conditions, another
two samples were obtained. One (denoted as S2-GO/CTAB) was fabricated by
decreasing the amount of Na,S by 10%. The other one (denoted as S1/CTAB-GO)
was fabricated by changing the step in which the CTAB was added, so that CTAB was
included in the Na,Sy solution rather than in the GO suspension. After acidifying the
solution, we obtained the precipitated S1/CTAB-GO. After drying at 50 Cin a
vacuum oven for 24 hours, the above three samples were heated in a tube furnace at
155 “C for 12 hours under flowing Ar with a flow rate of 100 cc/min. The heat treated

samples were labeled as S1-GO/CTAB-HT (-HT for heat treated), S2-GO/CTAB-HT
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and S1/CTAB-GO-HT, respectively.

To further investigate the reactions in the preparation processes of the CTAB-S-GO
nanocomposites, the Na,Sy solutions were added to the GO suspension and CTAB
solution separately. The concentrations of GO suspension and CTAB solution
followed the recipe of S1-GO/CTAB. After acidification, the precipitates were
collected and named s-S/GO (s- for Solution based chemical Synthesis) and
s-S/CTAB, respectively. These two samples after heat treatment were marked as
s-S/GO-HT and s-S/CTAB-HT, respectively. Moreover, S and GO (CTAB) powders
were physically mixed and studied as well. The physical mixtures of S-GO and
S-CTAB before heat treatment were labeled as p-S/GO (p- for Physical mixture of
Powder) and p-S/CTAB, respectively. These two samples after heat treatment were
marked as p-S/GO-HT and p-S/CTAB-HT, respectively. All the sample information is

compiled in Table 1 for easy comparison.
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Figure 1: Scheme of sample preparation procedure, recipe of S1-GO/CTAB is taken as an
example in the figure.

SEM images were measured using a Zeiss Gemini Ultra-55 instrument. The
nanocomposite samples were pressed onto indium foils for the XAS measurements. S
K-edge XAS spectra were measured at three beamlines, namely BL5.3.1, BL9.3.1 and
BL10.3.2 at the Advanced Light Source, Lawrence Berkeley National Laboratory. The
use of the three beamlines is for getting enough beamtimes for a large set of samples,
cross-checking the results and verifying repeatability. To eliminate the absorption

saturation (also referred to be self-absorption) effect, we used the total electron yield

ACS Paragon Plus Environment

Page 6 of 21



Page 7 of 21

©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

(TEY) mode. The energy scale for all XAS spectra was calibrated using elemental S
spectra assuming the white line to be at 2472.2 eV.

Table 1. Sample designations and XAS peaks

Sample Code Preparation Process Peaks After Heating Peaks
S1-GO/CTAB Solution A+CTAB/GO, then + HCOOH A,B,C S1-GO/CTAB-HT A,D,E
S2-GO/CTAB Solution B+CTAB/GO, then + HCOOH A,B,C S2-GO/CTAB-HT A,D,E

S1/CTAB-GO | Solution A+CTAB, then +GO, then + HCOOH A,B,C S1/CTAB-GO-HT A,D,E

s-S/GO Solution A +GO, then + HCOOH A s-S/GO-HT A
s-S/CTAB Solution A +CTAB, then + HCOOH A,B,C s-S/CTAB-HT A,D,E,H

p-S/GO S powder + GO powder A p-S/GO-HT A
p-S/CTAB S powder + CTAB powder A p-S/CTAB-HT A,D,E

Solution A: Na,S+S—Na,S,

Solution B: Na,S+S—Na,S,, decrease the amount of the Na,S by 10%

Table 1: Summary of the sample information including the sample codes, preparation processes and peaks observed (see

Figures 3 and 4).

3. RESULTS AND DISCUSSION

3.1. Interactions among the Cathode Materials

Figure 2: SEM images of samples (a) SI-GO/CTAB-HT, (b) S2-GO/CTAB-HT and (c)
S1/CTAB-GO-HT.

st A

During the synthesis of the cathode material, S and Na,S were used as precursors. The
ratio of S:Na,S is important for determining the sulfur content in the final product.
Moreover, the sequence of mixing the GO/CTAB suspension with the sulfur precursor
solution is a key point in the synthesis procedure. These changes were investigated by
comparing the samples S1-GO/CTAB, S2-GO/CTAB and S1/CTAB-GO.

The layer-like nanostructures with highly developed porous flaky structures of sulfur
deposited on GO were reported in the previous reports.'> ' Figure 2 shows SEM
images of the CTAB-S-GO-HT samples. With the introduction of the CTAB, the
unique layered structure was preserved in these samples. In spite of the common

layered structures, some morphological differences can be observed. In comparison
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with the samples S1-GO/CTAB-HT, S2-GO/CTAB-HT and the previous reports, some
agglomeration of GO flakes can be observed in sample S1/CTAB-GO-HT. In addition,
visible, though not obvious, agglomeration of GO flakes can also be observed on
sample S1-GO/CTAB-HT comparing to the sample S2-GO/CTAB-HT. Therefore it
can be concluded that different recipes can influence the morphologies of the cathode
materials. Although some slight differences were observed, the basic unique
conjugated layer-like structures remain with the introduction of CTAB. These unique
structures provide the ability to supply good electrical contact between the electrode
constituents, and to accommodate the large volume expansion/shrinkage induced by S
and Li,S conversion during the discharge/charge process. These properties make these
CTAB-S-GO nanocomposites promising candidates to make cells that perform well.

In general, morphology difference is always associated with internal chemical
structure changes, which cannot be seen directly in SEM images. Therefore, in order
to gain chemical information on these samples, we performed XAS experiments. The
S K-edge spectra of samples S1-GO/CTAB, S2-GO/CTAB and S1/CTAB-GO are
shown in Figure 3(a). We characterized the S species in terms of the positions of
peaks in the spectra. Several features can be identified for all the CTAB-S-GO
samples: a strong peak appears around 2472.2 eV; and two peaks with lower
intensities are observed at 2477.6 eV and 2481.1 eV, respectively. These peaks are
labeled as A, B and C, respectively, in Figure 3 (a). Among them, peak A, which is
quite close to the Sg white line, can be assigned to the transition from S 1s core level
to the S-S m* states.”>*"® The strong S-S feature that can be observed for all the CSG
samples is attributed to the fact that elemental sulfur is the main product of the
reaction between the Na,Sy and HCOOH solutions. Moreover, in comparison with the
spectrum of elemental sulfur,” large differences can be observed in Figure 3(a),
showing the appearance of peaks B and C. Therefore, it is interesting and unexpected
to observe some other sulfur species than elemental S. The appearance of the peaks B
and C implies that some new products were formed with the introduction of the
CTAB and/or GO during the chemical synthesis process. In addition, the intensities of

peaks A, B and C change dramatically under different synthesis conditions, e.g. the
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intensity of peak A increases in the sequence of S1/CTAB-GO—SI1-GO/CTAB
(change of when CTAB is added); and S1-GO/CTAB—S2-GO/CTAB (10% lower
Na,S percentage in the precursors). On the contrary, the intensities of peaks B and C
behave oppositely. Therefore we can conclude that the ratio of Na,S and S in the
precursors and the sequence of adding CTAB are directly connected to the new
reaction. To identify the origins of the new reaction pathway, it is fairly important to
perform detailed studies on these two peaks. Further analysis of the assignments for
peaks B and C will be discussed in a later section.

To further analyze the spectra, the white line region is enlarged and displayed in
Figure 3 (c). All the spectra were normalized to the white line, and the samples
CTAB-S-GO before heat treatment are shown in the bottom of Figure 3(c). Some
detailed information can be noted from the enlarged white line region. Firstly, the
shoulder of the S-S bond peak, labeled as F, is weaker for sample S1/CTAB-GO
compared to that for samples S1-GO/CTAB and S2-GO/CTAB. The previous
calculations show that compared with Sg, the six internal atoms of ng' do not show
shoulder F.* Thus, the weaker shoulder F suggests that some of the elemental S may
exist in chain, rather than ring form. We can therefore infer that more ring-structure Sg
would be observed on the samples S1-GO/CTAB and S2-GO/CTAB, while for
S1/CTAB-GO the sulfur atoms were more likely to be presented as chains. Secondly,
a 0.15 eV blue shift of peak A is observed for the SI/CTAB-GO sample with respect
to the S1-GO/CTAB and S2-GO/CTAB samples. Considering that the energy
difference for the S-S peak position among these samples vanishes after heat
treatment, which will be detailed discussed later, we conclude that the peak shift is
due to the same cause as the intensity evolution of peaks B and C. We attribute this to
the charge transfer from S atoms to the GO and/or CTAB based functional groups.
The charge transfer between these functional groups and S may not be strong enough
to change the valence states of S (from a spectroscopic point of view), instead, it can

cause the blue shift of the peak A.
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Figure 3: S K-edge XAS data of samples S1-GO/CTAB, S2-GO/CTAB and S1/CTAB-GO (a)
before and (b) after heat treatment. The pre-edge region of (b) was enlarged and shown, the

white line regions of the (a) and (b) were normalized the peak maximum and shown in (c).

In addition, heat treatment is a critical step, and also the last step, used during the
active material fabrication procedure.1 The heat treatment process helps anchor S to
the GO matrix by assisting the diffusion of molten sulfur into the nano-pores of GO."
1315 This step could improve the uniformity of the sulfur coating and increase sulfur
utilization. To investigate the effect of heat treatment on the chemical interactions, S
K-edge XAS spectra of the post-heating samples have been recorded (Figure 3(b)).
The pre-edge region is enlarged for better clarity, as shown in the insert. In
comparison with the spectra in Figure 3(a), significant changes can be observed in the
CTAB-S-GO-HT samples, implying the occurrence of some reactions during the heat
treatment. A newly formed peak, labeled as peak E, centered at 2473.6 eV is evident.

Peak E represents the transition from S 1s to the C-S o* state.'® >’

The appearance of
this peak confirms the existence of bonding between S and CTAB and/or GO.
Moreover, a small shoulder, labeled as peak D, located at 2470.0 eV is also visible in
the spectra. The origin of peak D is still under discussion,'® and it may be due to the
hybridization of S orbitals with CTAB/GO orbitals. Meanwhile, accompanying the
appearance of peaks D and E, the peaks B and C vanish during the heat treatment
process. Therefore, we can get some information about the species corresponding to
the peaks B and C. Firstly, the species appear due to the introduction of CTAB and/or
GO; secondly, the species are not stable as they vanish when heated to 155 'C,

suggesting they are not associated with the S-O bonding.
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Moreover, from the enlarged spectra in Figure 3(c), some detailed information can be
noted as follows. Firstly, the peak shift of the white-line is not observed. This is due to
the fact that the aforementioned charge transfer effect vanishes when the samples have
been heat treated, where the mild interaction is converted to strong C-S chemical
bonding. Secondly, the spectrum of sample S1/CTAB-GO-HT shows the strongest
C-S bond peak intensity, while that of the sample S2-GO/CTAB-HT shows the
weakest. Taking into consideration the spectra before heat treatment, we can conclude
that the intensity of each peak, including peak A, peaks B and C and peaks D and E,
from different samples change in the order SI/CTAB-GO to S1-GO/CTAB and to
S2-GO/CTAB. This indicates the possibility of controllable optimization of the
cathode material.

3.2. Roles of CTAB and GO in the Synthesis

To provide further insight into the interactions among the cathode materials, the
interactions between S and GO, and S and CTAB have been studied separately. Figure
4(a) displays the S K-edge XAS of physical mixtures of S-GO and S-CTAB. Different
spectral evolutions have been obtained for these mixtures. For the S-GO mixtures, the
identical elemental S spectra profiles are observed on samples p-S/GO and
p-S/GO-HT, which implies that no chemical reaction takes place between S and GO
when they are heated at 155 C. Similarly, only elemental S peaks are observed for the
sample p-S/CTAB, which implies the non-existence of interactions between elemental
S and CTAB at room temperature. In contrast, the spectrum of the S-CTAB sample is
more complicated after heat treatment, as can be seen from the changes of the spectral
shapes. Specifically, the appearance of the peaks D and E accompanied by the
decrease of the intensity of peak A has been observed after heat treatment, implying
that S can react with CTAB and form C-S bonds at 155 ‘C. This process was promoted
by the decomposition of the CTAB, as confirmed by the C K-edge XAS and IR shown
in Figure S7 and S8, respectively. According to the literature,*® the decomposition of
CTAB occurred upon heating to 155°C, leading to the formation of several products
including cetene (Cjg ), cetyldimethylamine (C;¢(CH3),N)) and trimethylamine

((CH3)3N). S can react easily with C in these species to form C-S bonds. However, to
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fully understand the nature of the C-S bonds, further studies are need, which is
beyond the scope of this paper. The spectra of the synthesized samples are shown in
Figure 4(b). It is interesting to observe that the spectra of s-S/GO and s-S/GO-HT
showed typical elemental S spectral profiles, which are similar with what we obtained

on the samples p-S/GO and p-S/GO-HT. Therefore, it can be inferred that GO does

(@)

S K-edge XAS |[(b)

Before Heat Treatment
——— After Heat Treatment

Physical mixed

D}

Intensity (a.u.)

S+CTAB Synthesis S/CTAB
composites
/ N
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Figure 4: The S K-edge XAS spectra of (a) physically mixed and (b) synthesized S and
GO/CTAB before and after heat treatment

not react strongly with either S or Na,Sy. However, according to the previous
studies,”” the existence of interactions between GO and S were confirmed by the
changes of C and O K-edge spectra profiles, including XAS and XES. Therefore, it
implies that the interactions of S and GO happened mostly at the interface between
GO and S, and this kind of interaction protects the S inner layer well. And also the
interactions between GO and S is more likely to be physical adsorption, that is, S can
be anchored on the surface of the GO, but this kind of interaction will not be effective
in protecting the outer layer of the S films.> The absence of the peaks at higher photon
energies establishes the fact that the introduction of GO is not associated with the
aforementioned new reaction pathway. Therefore, the role of CTAB should be noted
and is more complicated than that of GO. This has been further confirmed by the
sulfur species evolution observed from the spectra. In Figure 4(b), several peaks can
be observed for the sample s-S/CTAB, at the same positions as peaks A, B and C in
CTAB-S-GO samples. As discussed above, the peaks A and B/C represent the S-S

bond and newly formed species, respectively. The appearance of these peaks
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establishes that the origin of the new species is associated with the introduction of
CTAB. Moreover, the conversion from sample s-S/CTAB to s-S/CTAB-HT is quite
similar with what we recorded on the evolution from samples CTAB-S-GO to
CTAB-S-GO-HT, which is presented as the vanishing of peaks B and C and
appearance of D and E. Compared with the spectra recorded in Figure 3(b), the
intensity ratio of peaks D and E with respect to the S-S peak increased significantly.
This can be explained by our previous conclusion, that is: for samples before heat
treatment, the stronger the intensities of new-species peaks, the stronger will the C-S
bond be formed after heat treatment. As we learn for the peaks B and C, they are
associated with interactions of S species and CTAB, meaning that CTAB has been
bonded in the materials when the peaks are observed. So the stronger peaks B and C
represent a greater amount of S-bonded CTAB or CTAB derivatives. Thereafter, more
CTAB can react with S at 155 C and form peaks D and E. Peak H, located at 2482.5
eV, originates from S-O bonds in the SO4* specie.”"**® The appearance of this specie
may be due to the conversion of the remaining S,*” anions to S*+S in the solid phase,
followed by further oxidation of S* to stable sulfate. The reason we did not observe
the peaks representing the S* species in the sample s-S/CTAB may be because S* ions
are buried in the sub-surface and protected by S and/or CTAB, leading to the
suppression of s* signal by other S films. After heat treatment, the buried surface is
exposed and sulfate species is formed.

Although the exact assignments of the newly formed species evident as 2477.6 and
2481.1 eV peaks in the spectra have not been made, our studies suggest that these
species come from the interactions between S species and CTAB, and they are very
easy to decompose at 155 C, which is a relatively mild temperature, and form C-S
bonds. One interesting observation that should be noted is that some fine particles
formed when adding Na,Sy solution to CTAB solution during the synthesis process of
the samples S1/CTAB-GO and s-S/CTAB. The particles were filtered, washed and
measured in the usual procedure. The S K-edge XAS spectrum of this intermediate
S/CTAB sample shows almost the same spectral shape as that of samples

CTAB-S-GO and s-S/CTAB, which show a peak of the S-S bond and two peaks from

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

the newly formed species (see Figure S1). This observation is further evidence that
the formation of the new species that appeared at the higher photon energies starts
from the interactions between Na,Sy and CTAB. To rule out the effect of HCOOH, a
control experiment has also been performed: elemental S and CTAB were suspended
in the HCOOH solution. The mixture was stirred for 16 hours before the solid
particles were collected, washed and measured. The S K-edge XAS spectra of the
sample before and after heat treatment show similar spectra shapes with a single peak
centering at around 2472.2 eV and a shoulder locating at around 2473.6 eV, which is a
typical elemental Sg spectrum (see Figure S2). Therefore, we can conclude that the
CTAB precipitates from solution by interacting with Na,Sx, or more specifically,
CTA" interacts with S,”. Hence we get explanation for the S K-edge XAS peak
intensities change caused by Na,S:S ratio difference. For the reaction between Na,S
and S, we can write the reaction equation as: a-Na,Sy = a-NayS+S (x=1+1/a).
Therefore with the decrease of Na,S amount (that is “a”) in the precursors, the Na,Sg
chain length increases; however, the amount, “a”, of S,> anions that can bond with
CTA" decreases. Hence, the remaining CTAB amount in the cathode decreases,
causing a decrease of the intensities of peaks B and C. This is consistent with the
differences between S1-GO/CTAB and S2-GO/CTAB, which have been shown in
Figure 3 (a).

Furthermore, it is also interesting to compare the spectra of samples S1-GO/CTAB,
S1/CTAB-GO and s-S/CTAB to evaluate the effect of GO. Firstly, in comparison with
s-S/CTAB, S1/CTAB-GO shows a much stronger peak A, while the peaks B and C are
not much influenced (see Figure S3). Considering S1/CTAB-GO can be regarded as
GO suspension added to sample s-S/CTAB, the spectral changes indicate that GO can
act as a nucleation center to enhance the precipitation of S from the solution to solid
phase by anchoring S on GO flakes. Therefore, this 2D growth model of the S films
enables the uniform deposition of S on the GO flakes. Similarly, when mixing Na,S
solution with CTAB first, the S-CTAB precipitates are formed and they can also act as
nucleation centers. However, this gives rise to the 3D growth model of the S films and

may induce the agglomeration of the nanocomposites. Therefore, the adding sequence
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of GO and CTAB during the sample synthesis determines the morphological
structures of the cathode. When mixing Na,Sx solution with CTAB in the presence of
GO, a uniform morphology can be obtained, such as that of S1-GO/CTAB and
S2-GO/CTAB as shown in Figure 2 (a) and (b). While when mixing Na,Sy solution
with CTAB first, the agglomeration of nanocomposites can be observed, such as that
of SI/CTAB-GO, as shown in Figure 2 (c). Secondly, it can be clearly shown that
peak intensities of the new species are also influenced by GO, showing as the strong
new-species peaks at S1/CTAB-GO compared with the other two samples. This is due
to the existence of the interactions between GO and CTAB. GO contains O-based
functional groups such as —OH and —COOH, which can provide functional groups

with negative charges bonded to the GO flakes, and further bonded with CTA".
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Figure 5: (a) Galvanostatic discharge profiles and (b) cell performances of samples
s-S/GO-HT and S1-GO/CTAB-HT.

Therefore if the GO suspension was mixed with CTAB solution, some of the CTA"
cations will be bonded to GO, leading to a decrease of the amount of the CTA" cations
that can bond to sz' when mixed with Na,S, solution.

Overall, these observations further prove that the introduction of CTAB can
significantly influence the final products of the reaction, while the application of GO
can influence the morphological structure of the cathode active material. The presence
of the interactions among the sulfur layer, CTAB and GO can benefit the
immobilization of sulfur. Moreover, the interaction between S,° and CTAB may help
trap the lithium polysulfides during a charge-discharge process. Both effects can

suppress the diffusion of the lithium polysulfides into the electrolyte during the
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charge/discharge process; thereby suppressing the polysulfide shuttle, which is a
widely-observed problem for the sulfur electrode.

3.3. Cell Performance Enhancement With the Introduction of CTAB

As discussed above, the introduction of CTAB can change the chemical structure of
the cathode material, as demonstrated by both the SEM and the S K-edge XAS data.
To gain deeper insight to the effect of the CTAB on the cell performance, we used the
heat-treated S-GO and CTAB-S-GO (s-S/GO-HT and S1-GO/CTAB-HT) as cathode
materials in Li/S cells. We took these two samples as examples because they differ
only in the presence of CTAB, so a comparison of these two samples can give
information on the effect of this additive. Figure 5 (a) shows the first cycle discharge
voltage profiles of the electrodes at the rate of 0.2 C (1C=1675 mAh/gS). As can be
seen, the S-GO and CTAB-S-GO nanocomposites deliver initial discharge capacities
of about 826 and 1894 mAh/g at 0.2 C, respectively. The cathode based on sample
S1-GO/CTAB-HT showed a significantly higher initial capacity over that of sample
s-S/GO-HT. Moreover, an additional plateau can be observed in the region of 1.8-1.6
V for the sample S1-GO/CTAB-HT, which indicates that CTAB acts as a protective
layer and strongly bonds with S. Although the cells are not fully optimized, we can
see that the CTAB-S-GO based Li/S cell shows significant improvement of capacity
and capacity decay rate compared with the S-GO based cell during the first 200 cycles,
as shown in Figure 5 (b). This proves that the introduction of CTAB can benefit the
Li/S cell performance due to the appearance of C-S bonds and the existence of
interactions between CTAB and S, in the charged/discharge process.

4. CONCLUSION

We applied S K-edge XAS to study the S species evolution during the synthesis of the
CTAB-S-GO nanocomposites used as cathode materials in Li/S cell. This study
revealed the interactions among CTAB, GO and S/S.”. The results indicate that
CTAB interacts with S,> and remains in the cathode material when precipitated from
solution and this kind of bonding can be converted to chemical C-S bonds after heat
treatment at 155 C. GO can not only bond with CTAB but also act as a nucleation

center for S precipitation. Thus the interaction of CTAB with GO, C-S bonds between
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CTAB and S, and the attached S layer on GO provides a tight tri-layer structure which
can immobilize the S on the GO sheet and enhance the cell performance. This work
demonstrates the importance of the S precursor components, CTAB and GO addition
procedures in the synthesis, which can be readily used to optimize the active material.
Although our work has proved that the introduction of CTAB to the S-GO system can
significantly improve the cell performance, there are still some more parameters that
can be optimized. We hope the information from the XAS studies can offer a new
strategy to explore and develop better S nanocomposite-based cathodes for advanced

Li/S cells that can be used for scaled-up applications.
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