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ABSTRACT: A hierarchical nanocomposite material of
graphene nanoribbons combined with polyaniline and sulfur
using an inexpensive, simple method has been developed. The
resulting composite, characterized by scanning electron
microscopy, transmission electron microscopy, X-ray photo-
electron microscopy, and X-ray diffraction analysis, has a good
rate performance and excellent cycling stability. The
synergistic combination of electrically conductive graphene
nanoribbons, polyaniline, and sulfur produces a composite

with high performance. The method developed here is practical for the large-scale development of cathode materials for lithium

sulfur batteries.
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1. INTRODUCTION

The development of high capacity energy storage systems is
important for portable electronic devices, power tools, and
electric vehicles.'™ Lithium sulfur batteries (LSBs) have
attracted attention as potential energy storage devices because
the sulfur cathode in LSBs has a high theoretical capacity of
1672 mA-h/g and an energy density of 2567 W-h/kg, almost 5
times higher than conventional cathodes, presumlng complete
reaction of lithium with sulfur to form Li,S.” Elemental sulfur
is inexpensive, nontoxic, and abundant in nature.*” However,
the practical applications of LSBs are limited by two challenges.
The first challenge is that sulfur is electrically insulating.'”"!
The second is the severe degradation of the lithium sulfur
battery cycle life, a result of the volume change and high
solubility of the polysulfide products.>'>'> When sulfur is fully
converted to Li,S, the volume increases as much as 80%, which
leads to the fading capacity because of the pulverization of
battery materials. The high solubility of polysulfide products
makes it more likely that they will take part in the sulfur shuttle
mechanism, resulting in capacity decay due to the loss of sulfur
active materials through redox reactions of lithium polysulfide
at both the cathode and anode surfaces.

Extensive effort has been devoted to address these challenges
of sulfur’s insulating nature and the capacity decay. The poor
electrical conductivity of sulfur can be improved by the
introduction of conducting materials that form composites,
such as g ;)hene,“’ 15" carbon nanotubes, 16 conducting
polymers,">! and other carbon matrixes."””>* Many
strategies have been developed to enhance the cycling life of
LSBs. For example, the electrolyte additive LiNO; has been
shown to be effective in reducing the capacity decay because it
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enhances the stability of polysulfide in the electrolyte, protects
the lithium anode from electrochemical and chemical reactions,
and reduces the viscosity of the liquid electrolyte.”*~>* Another
method is to protect the anode in LSBs, which can reduce the
sulfur shuttle effect, improving the cycling performance.*****”
Various matrixes have been developed to trap the soluble
intermediate lithium polysulﬁde, such as mesoporous carbon,
amorphous carbon,*® carbon nanotubes,'%* graphene,

hollow carbon sAPheres, ! metal oxides,**** and conducting
polymers.'>'7?* Among all these matrixes, conducting
polymers open new possibilities for the cycling life improve-
ment in the LSBs due to their easy preparation and scale-up,
mechanical structure, self-healing, and good electrical con-
ductivity.'>** For example, Wu et al. prepared the composite
sulfur/polythiophene with a core—shell structure, which
showed good cycling stability of 67.5% capacity retention
after 80 cycles.'” Xiao et al. synthesized a composite sulfur—
polyaniline that improved the cycling life of LSBs with only
24% capacity decay after 500 cycles."> Polyaniline is an
interesting conducting polymer because it works as a substrate
to load sulfur and can be used as a cathode in lithium sulfur
batteries. However, polyaniline suffers from two major
problems which hinder its application in lithium sulfur
batteries. The first problem is the limited electrical conductivity,
and the other is the mechanical degradation caused by its large
volumetric change, leading to its poor cycling stability in energy
storage devices. Therefore, to mitigate these negative effects, it
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is important to improve polyaniline related materials for lithium
sulfur batteries.

In this study, a unique structure where sulfur was loaded on
polyaniline—graphene nanoribbons (PANI-GNRs) was de-
signed to reduce the capacity decay in lithium sulfur batteries.
The PANI-GNR composite was prepared by the in situ
polymerization of aniline in the presence of GNRs.***” GNRs
serve as the substrate for polyaniline growth, and increase the
electronic conductivity and effective utilization of PANI in the
composite. The GNRs also improved the mechanical properties
of the composite, resulting in an enhancement of its ability to
recover from the volume expansion.*® Therefore, PANI-GNRs
effectively overcome the negative deficiencies of PANI alone.

Sulfur—PANI-GNRs (SPGs) were prepared by heat treat-
ment of a mixture of elemental sulfur and PANI-GNRs."? In
the SPGs, PANI-GNRs work as an electronic conductivity
framework for sulfur and they enhance the mechanical
properties of SPGs. A fraction of the sulfur reacts with
polyaniline to form a cross-linked network with the interchain
or intrachain disulfide bond interconnectivity during the
vulcanization process.'> The rest of the sulfur diffuses into
the hierarchical network of PANI-GNRs and newly formed
polymer networks. PANI traps the soluble intermediate lithium
polysulfide through strong physical and chemical absorption
effects.”” The GNR reinforcement reduces the damage that
normally occurs from volume change during the electro-
chemical reaction. Therefore, SPGs as cathode materials
demonstrate excellent cycling performance due to the
synergetic effect of GNRs, PANI, and sulfur.The stable
reversible specific discharge capacity is 567 mA-h/g at the
26th cycle, and it only decays 9% in the following 374 cycles, at
the rate of 0.4 C. Therefore, SPGs are outstanding candidates
for use as cathode materials for energy storage in LSBs.

2. EXPERIMENTAL SECTION

2.1. Synthesis of PANI-GNRs and Polyaniline (PANI).
GNRs,”” PANI, and PANI-GNRs were prepared as described
previously.*® GNRs were prepared by treatment of multiwalled carbon
nanotubes with NaK in 1,2-dimethoxyethane and quenching of the
reaction with MeOH. In order to increase their wettability, GNRs (100
mg) were refluxed in 3 M HNO; (400 mL) for 12 h. HNOj-treated
GNRs (22.5 mg) were added to 1 M H,SO, (40 mL), and the
dispersed GNR solution was formed by sonication (2510 Branson) for
2 h. Aniline (900 mg, 9.65 mmol) was added to the above dispersion
and with stirring to form a uniform mixture in a NaCl—ice bath (-3 to
—S °C). The oxidant ammonium persulfate (APS) (554 mg, 2.4
mmol) was dissolved in 40 mL of 1 M H,SO, and cooled in the
NaCl—ice bath for 10 min. Then, the two solutions were mixed with
continuous stirring in the NaCl—ice bath for 10 h. The black solid
sample was collected by vacuum filtration with sequential washing with
water and acetone. The final PANI-GNRs (130 mg) were obtained
after drying in a vacuum oven (~10 mmHg) at 85 °C for 10 h. PANI
was prepared using the same method above without the addition of
GNRs.

2.2. Synthesis of Sulfur—PANI-GNRs (SPGs) and Sulfur—
Polyaniline (SP). Sulfur (200 mg) was dissolved in carbon disulfide
(1 mL). PANI-GNRs (50 mg) were added to the solution with
continued magnetic stirring for 30 min at room temperature in order
to achieve a good dispersion. Then, the mixture was stirred in an open
reaction flask in the hood until the carbon disulfide evaporated. The
resulting solid mixture was sealed in a vessel under N,. The heat
treatment of the mixture proceeded in two steps. The mixture was first
heated at 155 °C for 12 h, and then the temperature was raised to 280
°C for another 12 h to complete the vulcanization reaction. SPGs (100
mg) were obtained after the mixture was permitted to cool to room
temperature. Unreacted sulfur remained on the walls of the flask. For

comparison purpose, SP was obtained using a similar procedure
between polyaniline and sulfur.

2.3. Materials Characterization. Products were characterized by
X-ray diffraction (XRD; Rigaku D/Max Ultima II), X-ray photo-
electron spectroscopy (XPS; PHI Quantera), scanning electron
microscopy (SEM; JEOL 6500), thermogravimetric analysis (TGA;
TA Instruments, QS0), and transmission electron microscopy (TEM;
JEM2100F TEM).

2.4. Electrochemical Measurements. To form a slurry, 80 wt %
active materials (SPGs, SPs, and S), 10 wt % carbon black (Super P,
TIMCAL), and 10 wt % polyvinylidene difluoride (PVDF; Alfa Aesar)
were dissolved in N-methyl-2-pyrrolidone (NMP; Sigma-Aldrich).
Then, the slurry was coated on an aluminum foil substrate to form the
cathodes. The typical mass loading of the active materials is around 1.2
mg/ cm?. Electrochemical tests were performed using CR2032 coin-
type cells with lithium metal foil as the counter electrode. The
electrolyte was 1 M lithium bis(trifluoromethane) sulfonimide
(LiTFSI) dissolved in a mixture of 1,3-dioxolane (DOL) and
dimethyoxyethane (DME) (1:1 v:v) with 1 wt % LiNO;, and the
separator was a Celgard 2300 membrane. Cyclic voltammetric (CV)
tests were done on a CHI660D electrochemical station at a current
density of 0.60 mV/s. The galvanostatic discharge charge test was
carried out on a LAND CT2001A battery system at room temperature.
The capacity was evaluated based on the mass of the sulfur in the
composite.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Structure Analysis. The synthesis of
the SPGs, as described in the Experimental Section, is
schematically depicted in Scheme 1."

Scheme 1. Schematic Illustration of the Synthesis of SPGs
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The morphologies of SPGs, SP, PANI-GNRs, and PANI
were characterized by SEM and TEM as shown in Figure 1 and
Figure S1 (Supporting Information). Parts a and b of Figure 1
are the low and high resolution SEM images of SPGs,
respectively. The ordered, vertically aligned PANI was directly
growing on and around the GNRs with a brushlike structure.
The morphology was well maintained after the sulfur loading
compared to PANI—GNRs as shown in Figure Sla (Supporting
Information). The structure was also established by the TEM
images as shown in Figure 1lc,d. The structure of SPGs was
further studied by the elemental mapping of carbon, nitrogen,
oxygen, and sulfur. As shown in Figure le—h, these elements
were uniformly distributed in the SPGs. TEM images of SPGs
revealed that sulfur was homogeneously loaded on PANI
nanorods and the morphology of PANI-GNRs was still well
maintained. As shown in Figure S1b (Supporting Information),
irregular PANI was intertwined together. PANI could not form
the brushlike structure without the graphene nanoribbons.

After the sulfur loading, the morphologies of SPs had no
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Figure 1. (3, b) SEM images of SPGs at different resolutions. (c, d) TEM images of SPGs and corresponding elemental mapping of (e) carbon, (f)
nitrogen, (g) oxygen, and (h) sulfur. The scale bars in (e)—(h) are 0.2 ym.
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Figure 2. (a) XRD patterns of sulfur, PANI—GNRs, and SPGs. (b) C 1s core level XPS of SPGs.
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Figure 3. (a) First five cyclic voltammograms of composite SPGs at a sweep rate of 0.4 mV s™". (b) Discharge and charge voltage vs specific capacity

profiles at 3.0—1.7 V at 0.1 C.
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Figure 4. (a) Rate performance of SPGs at various rates from 0.1 to 1.0 C with respect to cycle numbers. (b) Cycling performance of SPGs at a rate

of 0.4 C.

obvious change as shown in Figure Slc—f (Supporting
Information).

XRD and XPS were also used to characterize the SPGs and
SPs. Figure 2a shows the XRD pattern of PANI-GNRs, sulfur,
and composite SPGs. The XRD pattern of PANI-GNRs
showed the four characteristic peaks at 20 of 15.3, 21.0, 25.6,
and 26.5°. 73’ The XRD pattern of composite SPGs had peaks
similar to those of sulfur, including the obvious increase in peak
intensity of 26 at 26.1° due to the incorporation of sulfur into
PANI-GNRs and a new peak at 21.0° because of the PANI—
GNRs in the composite. XPS indicates that the composite
SPGs only contained four elements, S, C, N, and trace O, from
the APS and/or sulfuric acid (Supporting Information, Figure
S2). As shown in Figure 2b, the deconvolution of the C 1s core
level XPS of SPGs leads to three peaks, resulting from three
different electronic states. The peaks with binding energy of
284.5 eV can be attributed to sp2 hybridized carbon atoms,
those with binding energy of 285.0 eV can be attributed to sp
hybridized carbon atoms, and those with binding energy of
2862 €V can be attributed to carbon—sulfur chains.** For
comparison, SPs were also characterized by XPS and XRD,
which proved sulfur was successfully loaded on PANI as shown
in Figure S3 (Supporting Information). TGA analysis of SPGs
showed 62% sulfur content in the composite as shown in

15036

Figure S4a (Supporting Information), while 59% sulfur content
was obtained in SPs (Figure S4b, Supporting Information).
3.2. Electrochemical Evaluation. In order to evaluate the
electrochemical performance of SPGs as cathodes in LSBs,
cyclic voltammetry (CV) and galvanostatic discharge charge
experiments were carried out in CR2032 coin cells. Figure 3a
shows the CV that was used to study the electrochemical
reaction mechanism of the SPG cathodes in the LSBs in the
potential range 1.7—3.0 V.** During the cathodic reduction
process, there are two peaks at 2.25 and 1.88 V (vs Li/Li*).
According to the reaction mechanism of sulfur reduction and
oxidation during the discharge and charge processes,l’23”41 the
peak at 2.25 V results from the reduction of sulfur to higher-
order polysulfides. The peaks at 1.88 V correspond to the
reduction of sulfur from higher-order polysulfides to Li,S,/Li,S.
In the subsequent anodic scan, a broad oxidation peak was
observed at 2.56 V with a shoulder at 2.67 V in the first cycle;
the peak shifted to 2.60 V with a shoulder peak at 2.67 in the
following cycles. The two overlapping oxidation peaks related
to the conversion among Li,S, polysulfides, and elemental
sulfur. After the first cycle, both the peak positions and area of
the CV peaks remain almost without obvious change,
demonstrating relatively good capacity retention. For compar-
ison, Figure S5 in the Supporting Information shows the CV
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profile of SPs and sulfur with little difference between the two.
Figure 3b shows the voltage profile of SPGs at the rate of 0.1 C.
There were two obvious plateaus in the discharge curve,
relating to the formation of higher-order polysulfides and Li,S,/
Li,S. This result was consistent with the CV. The stable,
reversible discharge capacity of the second cycle can reach 714
mA-h/g.

The rate performance of the SPGs was studied in the same
potential range as shown in Figure 4a. For the first five cycles,
the capacity decreased with the increase in cycle numbers at the
rate of 0.1 C. A stable capacity at different current densities was
observed. When the rate was reduced from 1.0 to 0.1 C, the
value of the specific capacity of SPGs was still 688 mA-h/g at
the 80th cycle. The rate performance demonstrates that the
SPGs remained stable after extended rate cycles. The cycling
performance for SPGs was also evaluated by discharge—charge
experiments. For comparison, SPs and sulfur were first tested as
cathodes in the LSBs at the rate of 0.4 C. The specific capacity
of SPs can reach 614 mA-h/g at the ninth cycle as shown in
Figure S6a (Supporting Information). However, it deceased
quickly in the following cycles with only 417 mA-h/g at the
90th cycle. For the pure sulfur cathode, the specific discharge
capacity quickly decreased to 120 mA-h/g at the 100th cycle
from 291 mA‘h/g at the second cycle; only 41% capacity
remained as shown in Figure S6b (Supporting Information).
This demonstrated that PANI increased the specific capacity
and cycling stability of sulfur cathodes. Figure 4b shows the
cycling performance of SPGs tested under the same conditions.
The specific discharge capacity was 673 mA-h/g in the first
cycle and decreased to 567 mA-h/g in the 26th cycle due to the
loss of sulfur at the surface of SPGs. Then, the specific
discharge capacity increased slightly with the increase in cycle
numbers, and reached 588 mA-h/g at the 113th cycle. In the
following cycles, the value of the specific discharge capacity
decreased slowly as the cycle numbers increased and reached
514 mA-h/g at the 400th cycle. A capacity decay of 9%
occurred after 374 cycles from the 26th cycle. The Coulombic
efficiency of SPGs quickly increased to almost 100% in several
cycles and stayed optimal for more than 30 cycles. Then, it
decreased with the increase in cycles but was maintained over
90% when the cycles increased to 400. It is presumed that the
PANI-GNRs could not completely trap the polysulfide, and
the additive LiNO; was consumed during the discharge and
charge process.”* The shuttle effect was still present, leading to
a lower Coulombic efficiency when the batteries operated for
extended periods. The graphene nanoribbons indeed enhanced
mechanical properties of PANI-GNRs, which improved the
cycling stability of SPGs during the extended cycles. Therefore,
PANI-GNRs effectively trapped the polysulfide during the
discharge and charge processes, resulting in great improve-
ments in the cycling performance of the LSBs.

In order to study the electrochemical performance of the
SPGs in LSBs, electrochemical impedance spectroscopy (EIS)
experiments were carried out after five cycles for sulfur, SPs,
and SPGs as shown in Figure Sa. Figure Sb shows the
equivalent circuit model of this system.'”** In this model, R; is
the internal resistance of the tested battery, R, and R, represent
the passivation film and charge-transfer resistance, respectively,
CPE, and CPE, are associated with the constant phase element
of space charge capacitance and double layer capacitance,
respectively, and Z, is the Warburg resistance related to the
lithium diffusion process. In Figure Sa, the plots consist of two
semicircles in the high and intermediate frequency ranges and a
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Figure S. (a) Nyquist plots of sulfur, SPs, and SPGs. (b) Equivalent
circuit that is used to fit experimental data.

sloping line with an angle of ~45° to the real axis in the low
frequency region. The two semicircles result from the Li" ion
transport through the passivation film and the interfacial charge
transfer reaction (R, and R,) combined with the electro-
chemical capacitive behaviors CPE;, and CPE,, respectively.
The sloping line is attributed to the solid-state Li diffusion into
the active materials (Z,). The experimental Nyquist plots are
modeled based on the equivalent circuit. The fitted impedance
parameters are listed in Table S1 (Supporting Information).
The R, (159.10 ) and R, (100.70 ) of SPs sum to 259.80 L,
which is significantly lower than that of sulfur (494.25 Q) with
its corresponding R, (66.15 Q) and R, (428.10 Q). This
demonstrated that the incorporation of polyaniline can improve
the electrical conductivity of the composite of SPs. After the
introduction of GNRs in polyaniline, the sum of R, (95.29 Q)
and R, (82.58 Q) in SPGs is 177.87 Q, which is significantly
lower than 259.80 Q in SPs. This demonstrates that the GNRs
enhance the electrical conductivity of the SPGs, resulting in the
improvement in the electrochemical performance.

4. CONCLUSIONS

In summary, we successfully designed and synthesized a
hierarchical structure composite of sulfur—polyaniline—gra-
phene nanoribbons. In this composite, GNRs greatly improved
the mechanical properties of the whole system. PANI-GNRs
provided a good platform for loading sulfur with improved
electronic conductivity. Electrochemical experiments demon-
strate that the SPGs exhibit good rate performance and high
cycling stability as cathode materials, compared to pure
elemental sulfur and sulfur—polyaniline, due to the synergic
effect between the PANI, GNRs, and sulfur. The synthesis of
the SPG composite has been shown to produce an effective
component to improve the electrochemical stability of the
electrode materials for LSBs.
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