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ARTICLE INFO ABSTRACT
Keywords: Carbon nanotubes (CNTs) have been explored as a potential cathode material for lithium-sulfur
Lithium-sulfur battery (Li-S) batteries owing to their unique structure. However, traditional CNTs exhibit poor disper-
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sion properties when preparing electrodes. The non-uniform distribution of the conductive agents
hinders the formation of enough sites for sulfur loading, which results in the aggregation of
sulfur/LisS and severe polarization. In this study, we propose the acidic functionalization of CNTs
in the cathode structure as a practical solution for mitigating the poor dispersion and polysulfide
shuttling in lithium-sulfur batteries. Multiwalled CNTs were functionalized by oxidation through
acidic treatment using sulfuric, nitric, and mixed acids. The cathode prepared with a mixture of
sulfuric and nitric acids showed a coulombic efficiency of 99 % after 100 cycles, with a discharge
capacity of 743 mAh g™!. These findings demonstrate the effectiveness of the acidic functional-
ization of CNTs as a promising approach for enhancing the electrochemical performance and
commercial viability of lithium-sulfur batteries.

1. Introduction

High theoretical capacity (1675 mAh kg™!) and energy density (2600 Wh kg~!) make Lithium-sulfur (Li-S) batteries a promising
energy storage system for future technologies that surpass the performance of commonly commercial lithium-ion batteries (~300 Wh
kg™1) [1-6]. Therefore, high-energy batteries like Li-S batteries have a high potential for diverse applications, such as advanced
electric-storage systems, Electronic gadgets, and high milage electric vehicles, which require high-energy density batteries as future
demand increases [7-10]. The primary advantages of sulfur in lithium-sulfur (Li-S) batteries stem from its natural abundance, minimal
environmental footprint, and cost-effectiveness [6,11-13]. Although lithium-sulfur (Li-S) batteries offer notable advantages, the
commercial application still encounters the several limitations such as its insulating nature causing large polarization, solid-electrolyte
interphase (SEI) layer formation, Li dendrite growth and notably, the shuttle effect caused by the dissolution of polysulfides [12,
14-16]. Due to its insulating nature, the low conductivity of sulfur and the poor contact between redox-active and conductive material
hinder electron transfer in lithium-sulfur (Li-S) batteries. These problems are associated with the nonoptimal mixing of electrode
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materials and poor distribution of sulfur alongside conductive materials within the electrode [17]. Furthermore, the dissolution of
polysulfides during the electrochemical reactions is influenced by the increase in sulfur content [18].

Commonly used conductive materials such as Super P and acetylene black struggle to address the deficiencies of Li-S batteries
because they are constrained in facilitating electrochemical interactions between sulfur and conductive materials [19]. The unique
morphology of multiwalled carbon nanotubes (MWCNTs) has recently garnered considerable attention, making them a promising
conductive additive. This morphology not only enables high sulfur loading but also offers effective chemical and physical control over
the polysulfide shuttling effect. However, their poor dispersibility in solvents is a major drawback that limits their sulfur loading [18,
20,21]. To overcome this dispersibility problem, scientists have used different techniques such as surface treatment with chemical
oxidants and metal doping [19-23].

Numerous techniques have been explored to address these challenges. Confining the active material with the conductive agent can
prevent the shuttling effect and also strengthen the electrode structure [24-27]. Multiwalled carbon nanotubes (MWCNTs) have
attracted many scientists due to their unique morphology for high sulfur loading and excellent conductivity properties which accel-
erate the reaction kinetics [17,28]. A significant drawback of MWCNTs is their poor dispersibility in solvents, which restricts their
contact points with active materials and consequently limits the enhancement of sulfur loading [18,20]. These problems have been
addressed by surface treatment such as chemical oxidation and doping of semimetals [21,24-26]. The Zhou group achieved a sulfur
loading above 50 % into a 3D carbon nanotube (CNT) framework by integrating acid-treated carbon nanofibers as a sulfur host has a
capacity decay rate of only about 0.024 percent per cycle over 500 cycles at a 2 C-rate [29]. A boron/oxygen co-doped porous carbon
was synthesized by Wang et al. through an in-situ organic condensation reaction on the surface of CNTs, which exhibited the reversible
capacity of 1077 mAh g™ ! after 200 cycles at 0.2 C, with only 0.07 % decay per cycle [30]. However, these are complicated, multistep,
and time-consuming processes.

In this work, we studied a simple and one-step surface modification of MWCNTs by comparing different acid functionalization
treatments to enhance their dispersion and effect on the electrochemical performance. Acidic functionalization of the conductive
material generates abundant-oxygen functional groups which play a vital role in enhancing the slurry dispersion. Among the various
compositions evaluated using H,SO4, HNOg, and HoSO4+HNO3, the MWCNTs treated with a combination of HNO3 and HoSO4 (SN-
CNTs) in an 8:1:1 ratio exhibited superior cyclic performance compared to the other compositions. The functionalized SN-CNTs
showed the minimum capacity decay of 0.29 % per cycle with a discharge capacity of 764 mAh g~! at100th cycle with an average
coulombic efficiency of 99 %.

2. Experimental
2.1. Preparation of functionalized MWCNTs

9.5 nm diameter multiwalled carbon nanotubes (MWCNTs), obtained from Nanocyl, Belgium were immersed in a concentrated HCI
solution and magnetic stirred for 4 h to remove impurities. Subsequently, the MWCNTs were filtered, rinsed with deionized (DI) water
multiple times until reaching a pH of approximately 7, and dried at 110 °C for 12 h.

To functionalize the multiwalled carbon nanotubes (MWCNTs), they were introduced into the solutions of HoSO4, HNO3, and a
mixture of HySO4/HNOs (3:1, v/v), respectively. The mixtures were then stirred for 3 h at 80 °C. Afterward, the solutions were filtered,
and the samples were washed several times with deionized (DI) water until the pH approached approximately 7. The obtained samples
were dried at 110 °C for 12 h and named S-CNTs (H2SO4), N-CNTs (HNO3), and SN-CNTs (H2SO4/HNO3).

2.2. Preparation of the carbon-sulfur composite

The carbon-sulfur composite was prepared using a sulfur-melt strategy. First, 1.4 g of sulfur (Sigma Aldrich, 99.98 %) and 0.6 g of
oxidized MWCNTs (S-CNTs, N-CNTs, and SN-CNTs) were added to ethanol and mixed via ball milling. The mixtures were filtered and
dried at 50 °C for 12 h, followed by heating at 155 °C for 2 h in an inert (Ar) atmosphere; the mixtures were denoted as S-CNT@S, N-
CNT@S, and SN-CNT@S.

2.3. Material characterization

Fourier-transform infrared spectroscopy (FT-IR) spectroscopy was conducted utilizing a VERTEX 80v Infrared Spectrometer from
Bruker, USA. Raman spectra were acquired employing a Renishaw Raman spectrometer at a wavelength (A) of 532 nm. The specific
surface areas, pore sizes, and pore volumes were evaluated using the Brunauer-Emmett-Teller (BET) method via the BELSORP-max
system with pre-degassing at 110 °C. X-ray diffraction (XRD) patterns were recorded using an X’Pert PRO instrument from Panalytical.
Thermogravimetric analysis (TGA) was performed using a TGA Q600 instrument, employing a heating rate of 10 °C min-1 in an inert
atmosphere. For the analysis of surface morphology and electrode slurry dispersion, field-emission scanning electron microscopy (FE-
SEM) was utilized with an S-4800 instrument from Hitachi, coupled with energy-dispersive X-ray spectrometry (EDS).

2.4. Electrochemical measurements

Slurry coating technique with a doctor blade was used to fabricate the electrode by applying the dispersion onto 15-um-thick
aluminum foil, followed by vacuum drying at 50 °C for 12 h. The active material loading ranged from 0.7 to 1.0 mg cm™2. Coin cells
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Fig. 2. (a) FT-IR spectra for raw CNTs, S-CNTs, N-CNTs, and SN-CNTs.
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Fig. 1. Schematic diagram for the preparation of functionalized MWCNTs with various acids.
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Fig. 3. (a) Raman spectra and (b) BET isotherms for raw and functionalized MWCNTs.

Table 1

Peak frequencies and Raman spectra assignments of raw and functionalized MWCNTs.
Sample D band G band Ip/Ig 2D band
Raw CNTs 6711.7 (1347.6 cm™ 1) 5525.5 (1586.7 cm 1) 1.215 2867.6 (2691.2 cm ™ 1)
S-CNTs 7659.8 (1344.1 cm™ 1) 7006.9 (1579.7 cm™ 1) 1.093 3482.7 (2682.1 cm™ 1)
N-CNTs 7011.9 (1351.2 cm™ %) 7292.7 (1583.2 cm™ 1) 0.961 4106.1 (2691.2 cm™)
SN-CNTs 10322.8 (1344.1 cm™!) 8596.5 (1579.7 cm™ 1) 1.201 4063 (2679.0 cm™!)

type CR 2032 were assembled in the glove box to investigate electrochemical performance. A 1 M solution of lithium bis(tri-
fluoromethyl sulfonyl)imide was dissolved in a mixture 1,3-dioxolane and 1,2-dimethoxyethane in a volume ratio of 1:1 was used as
electrolyte, additionally containing 1 wt% LiNO3. A 500 pm thick Li-metal foil was used as a counter electrode with a commercially
available polyethylene (PE) separator (SB16C) with a thickness of 16 um. All electrochemical tests were performed using the Won-A
Tech cycle tester within a voltage range of 1.5-3.0 V at a temperature of 25 °C. and capacity values are calculated based on the sulfur
loading in each electrode.

3. Results and discussion

The acidic functionalization of MWCNTs is affected by many parameters, such as the process time, process temperature, and
composition of the acidic solution. Previously, more attention was given to the processing time and high temperature required to
functionalize the CNT surfaces. However, harsh conditions can cause structural damage. Particularly, Oxygen-containing functional
groups, like carboxyl or hydroxyl groups, establish hydrophilic regions on the CNTs. These regions enable stronger hydrogen bonding
with the surrounding water molecules. We functionalized MWCNTs by adding various acid solutions and stirring for 3 h at 80 °C. A
schematic of this process is shown in Fig. 1. Fig. S1 shows the EIS spectra of functionalized MWCNTs show small semicircles as
compared with raw CNT. The functionalization of MWCNTs not only enhanced the electronic conductivity between the CNTs and
sulfur (Fig. S1) [31] but also helped to reduce polysulfide diffusion by chemical trapping [17].

Fig. 2a shows the FTIR spectra of raw MWCNTs and those functionalized with different acids. Raw CNT surface before acid
treatment shows no evidence of functional groups, whereas S-CNTs, N-CNTs, and SN-CNTs show a broad peak at between 3427 and
3461 cm™!(Fig. 2b), which can be assigned to the —OH stretching vibrations of the hydroxyl groups on the CNTs (COOH-CNTs). SN-
CNTs show peaks at 1697, 1637, and 1437 cm™! (Fig. 2d), which were assigned to the carboxylic acid, ester group C=0, and —~CHs
bending, respectively which indicates the strong effect of H,SO4 and HNO3 mixture [32,33]. The —CH triple bond (Fig. 2c) and car-
boxylic characteristic peaks (Fig. 2d) are not intense enough to be clear in the spectrum in S-CNTs and N-CNTs. These results indicate
that H,SO4/HNOs3 (3:1, v/v) was more effective for surface functionalization than H,SO4 or HNO3.

In the Raman spectra of both raw CNTs and functionalized MWCNTs (as depicted in Fig. 3a), three distinctive peaks emerge at
approximately 1340, 1580, and 2380 cm ™}, corresponding to the D band, G band, and 2D band, respectively, were observed. The
intensities of the D and G bands represent the characteristics of the defect in-plane stretching vibrations of the C atoms [34]. The
intensity ratios of these two bands (ID/IG) for the raw and functionalized MWCNTs were calculated and are presented in Table 1. The
D/G ratios (ID/IG) of the raw CNTs, S-CNTs, N-CNTs, and SN-CNTs were 1.215, 1.093, 0.961, and 1.201, respectively. The D/G ratio of
the SN-CNTs was higher than that of the S-CNTs and N-CNTs, indicating that the SN-CNTs have more structural defects and more
oxidized sites on the CNT surface [35,36]. Fig. 3b shows the N, adsorption/desorption isotherms of raw and functionalized MWCNTs.
All samples showed a similar type of isotherm (type III), and only a slight change in the surface area of the functionalized MWCNTSs was
observed, which indicates that the morphology of the MWCNTSs was not affected by acid treatment. The surface areas (Fig. 3b) and pore
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Fig. 4. (a) XRD patterns and (b) TGA curves of raw and functionalized MWCNTs.

volume (Fig. S2) of raw CNTs, S-CNTs, N-CNTs, and SN-CNTs were 200.49, 230.31, 262.02, 226.65 m? g’l and 46.064, 52.914,
60.201, 52.074 em® g’l, respectively. Table S1 summarizes the surface area, pore size, and pore volume of the raw and functionalized
CNTs, which were calculated using the BET and Barrett-Joyner-Halenda (BJH) methods. This result indicates that minimum CNT
structural damage occurred during acid treatment.

XRD was used to analyze the phase change caused by the acidic treatment of the MWCNTSs. Fig. 4a reveals that there was no change
in the XRD patterns of the raw and functionalized MWCNTs, confirming that the acid treatment of the MWCNTs did not affect the phase
structure. Fig. S3a shows the XRD patterns of the MWCNTs@S with the incorporation of pure sulfur into the MWCNT structure. An
a-sulfur crystal with an orthorhombic arrangement originating from cyclo-octa-sulfur (Sg) molecules was observed. Fig. S3a shows the
seamless integration of the functionalized MWCNT peaks with the sulfur peak, providing compelling evidence that elemental sulfur
was effectively impregnated into the structure of the functionalized MWCNTs. TGA was also performed to observe the functionali-
zation of the MWCNTs by HySO4, HNOs, and HySO4+HNO3 treatments. In Fig. 4b, the weight losses of the raw and functionalized
MWNCTs are shown by thermal analysis when they were heated to 1000 °C under an Ar atmosphere. As a result of the oxidative
treatment, oxygen-containing functional groups were incorporated into the MWCNTs. Upon heating, these functional groups
decomposed, leading to the release of CO and/or CO,, depending on the specific groups attached [37,38]. The SN-CNTs exhibited a
continuous weight loss as the temperature gradually increased until reaching 1000 °C, while raw CNTs, S-CNTs, and N-CNTs
demonstrated nearly identical weight losses. For SN-CNTs, at temperatures above 150 °C, the functional groups began to decrease at a
more pronounced rate, indicating a higher rate of weight loss. This demonstrates that the treatment involving HoSO4+HNO3 intro-
duced a greater number of functional groups than the other acid treatments. To determine the sulfur content of the MWCNT@S
structure, TGA was conducted under oxidative conditions. Fig. S3b illustrates a notable weight loss, with the highest weight loss
observed for SN-CNTs@S. A sharp decline in weight occurred from 133 to 323 °C. This weight loss was attributed to the desorption of
sulfur and its subsequent chemical reaction to form SO5 [26,39]. Consequently, the SN-CNTs@S structure exhibited a notably high
total sulfur content compared to the other functionalized samples.

The dispersion properties of the raw and functionalized MWCNTs with sulfur were examined by SEM using a slurry-coated cathode,
as shown in Fig. 5. The cathode slurry was prepared using a strongly adhering PAA binder, which also regulates the polysulfides by
hydrogen bonding with the hydroxyl groups on the surface oxide layer of the Al current collector and -COOH groups of the PAA binder.
Fig. 5a shows SEM images of the raw CNT electrodes, demonstrating an uneven dispersion of MWCNTs and sulfur because of the
hydrophilic properties of the MWCNTs. In contrast, the electrode prepared with functionalized MWCNTs exhibited a uniform
dispersion of sulfur and MWCNTs (Fig. 5b—d). Notably, SN-CNTs@S (Fig. 5d) displayed a more uniform coating without component
cluster. This comparison highlights the influence of the extent of functionalization of the conductive material (MWCNTSs) on the
distribution of the material within the aqueous cathode slurry, with the sample treated with H,SO4+HNO3 yielding the most favorable
outcome.

To evaluate the electrochemical performance of the prepared cathodes, galvanostatic charge-discharge testing was conducted at a
rate of 0.1 C. Fig. 6a shows the 2nd cycle galvanostatic charge-discharge curves of prepared cathodes, demonstrating the two typical
plateaus of sulfur at approximately 2.3 and 2.1 V corresponding to the formation of long-chain (Li2S3, 4 < x < 8) and short-chain
(LiaSa/LisS), polysulfides, respectively [40-42]. The polarization of the SN-CNT cathode seemed to be alleviated compared to those
of the other cathodes. The overpotential of the SN-CNTs was 240 mV, which was the smallest among the cathodes (300, 260, and 290
mV for raw CNTs, S-CNTs, and N-CNTs, respectively). This confirms that the functionalization of the carbon nanotube (CNT) surface
and the uniform distribution of sulfur have enhanced the redox reaction kinetics of lithium polysulfides (LiPS) during the charge/-
discharge process [17]. This improvement can also be attributed to the well-embedded structure of sulfur in SN-CNTs, which prevents
the dissolution of sulfur in the electrolyte, facilitating the acquisition of electrons and thereby enhancing the reaction kinetics [42].
Furthermore, Fig. S4 shows the dQ/dV plot of SN-CNTs compared with raw CNTs. In the case of the SN-CNT sample, during the
transition from Sg to Li»S, a broad, low peak was observed at 2.29V, and intense, sharp peaks were seen at 2.08V, 2.07V, and 2.04V.
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Fig. 5. SEM images of cathodes prepared with sulfur and functionalized MWCNTSs. (a) Raw CNTs, (b) S-CNTs, (c) N-CNTs, and (d) SN-CNTs. The
insets labeled “S” and “C” correspond to the signals from sulfur and carbon, respectively.

Conversely, for the raw-CNT sample, a similar peak appeared at 2.29V, but only a single sharp peak at 2.12V was observed in the
low-voltage region. This difference can be attributed to the enhanced ion transport and more uniform sulfur distribution in the SNCNT
sample, leading to multiple reaction pathways and more distinct electrochemical features compared to the raw-CNT sample [43]. The
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functional groups and defects in SN-CNTs provide more active sites for the sulfur reactions, resulting in sharper and more numerous
peaks at lower voltages.

Additionally, during the LipS—Sg reaction, the SNCNT sample shows high-intensity peaks at 2.22V, 2.23V, and 2.32V, while the
raw-CNT sample shows peaks at 2.22V and 2.24V similar to SNCNT but exhibits a high-shifted, relatively low-intensity peak at 2.34V.
This can be explained by the better ion transport and more effective sulfur utilization in the SNCNT sample due to its functional groups
and defects [35,36]. These characteristics lead to more efficient electrochemical reactions and higher peak intensities at specific
voltages, whereas the raw-CNT sample shows less effective sulfur utilization and broader, less intense peaks.

The rate performance of the functionalized MWCNTs was also gauged at various current densities from 0.1 to 2 C, as shown in
Fig. 6b. The discharge capacities of the raw CNTs, S-CNTs, N-CNTs, and SN-CNTs were 881, 927, 922, and 943 mA h g’1 at 0.1C,
respectively. Among these cathodes, SN-CNTs showed superior rate capability and exhibited a discharge capacity of 301 mAh g~ ! at 2
C, whereas the other cathodes showed lower capacities. When the current density was reset to 0.2 C, a reversible capacity of 561 mA h
g~ ! was produced by SN-CNTs, which is the highest among the electrodes, indicating the excellent stability of the electrode at various
rates, whereas raw CNTs, S-CNTs, and N-CNTs produced 423, 451, and 464 mA h g™}, respectively. Furthermore, the charge/discharge
curves at different current densities are shown in Fig. S5 indicating the typical discharging platform of lithium-sulfur battery at high c-
rate [44]. These results indicate that a well-functionalized and uniformly dispersed active material can enhance the performance of
Li-S batteries.

The long cycling life span of the functionalized MWCNT electrodes was also evaluated at a C-rate of 0.5C for 100 cycles after the 10
precycles cycles at 0.1 C for sulfur activation, which required a long activation time, as shown in Fig. 6¢ [45]. SN-CNTs exhibited a
specific charge/discharge capacity of 1075/1071 mA h g~! with a coulombic efficiency of 100 %. After 100 cycles, the electrode
retained a charge capacity of 764 mA h g%, corresponding to a capacity retention of 71 % with the capacity fade rate recorded at 0.29
% per cycle. In contrast, the raw CNT, N-CNT, and S-CNT electrodes exhibited slightly lower initial charge capacities of 991, 933, and
900 mAh g’l, corresponding to initial coulombic efficiencies of 100, 98, and 100 %, respectively. After 100 cycles, raw CNT, N-CNT,
and S-CNT electrodes exhibited the charge capacities of 460, 533, and 591 mAh g~! corresponding to 46, 57, and 66 % capacity
retention with higher capacity fade rates of 0.54, 0.43, and 0.34 % per cycle, respectively, indicating faster capacity degradation. The
charging/discharging capacity of N-CNTs cathode is lower than that of Raw CNTs cathode this could be due to nitric acid introducing a
high density of functional groups like carboxyl groups, creating more defects and increasing hydrophilicity. While this enhances
interaction with sulfur and improves long-term stability, it also increases initial resistance, reducing electron transport efficiency
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Table 2

Electrochemical properties of the previously reported oxidized CNTs electrodes for Li-S batteries and this work.
Electrode S content (%) Decay rate (%) reference
Acidic oxidized CNTs 65 0.63% @ 0.2C [48]
Pre-acid treatment + KOH activated CNTs 80 011% @0.2C [49]
H,0 steam etched CNTs 78-89 0.19% @0.2C [50]
Air-CNTs 70 0.31% @0.2C [51]
CO,-CNTs 80 0.17% @ 0.2 C [52]
Modified MWCNTs 40 0.20% @ 0.5C [17]
Raw-CNTs 70 0.54 % @0.5 C This work
S-CNTs 70 0.43 % @0.5 C This work
N-CNTs 70 0.34 % @0.5 C This work
SN-CNTs 70 0.29 % @0.5 C This work

during the initial cycles, leading to lower initial discharge capacity compared to raw CNTs [46,47]. A comparison of the electro-
chemical results for long-term cyclic capability with other binders was also evaluated and is shown in Fig. S6; SN-CNTs showed better
results with CMC and PVDF binders. A comparison of the capacity decay with those from other studies is summarized in Table 2.

Based on the aforementioned results, the utilization of functionalized MWCNTs positively influenced the electrochemical per-
formance of Li-S cells. This favorable impact stems from the efficient electron conduction, rapid ion transport, heightened electrolyte
retention, reinforced physical confinement of polysulfides (Fig. S7), and chemical attributes. The approach outlined in this study not
only paves the way for the advancement of high-performance Li-S batteries with elevated sulfur loading but also holds promise for
extension to other CNT-based energy storage systems.

4. Conclusion

In conclusion, this study demonstrates that functionalized MWCNTSs, especially SN-CNTs, significantly enhance the electrochemical
performance of Li-S cells. SN-CNTs show a reduced overpotential, superior rate capability, and excellent long-term stability compared
to other cathodes. Further assessment of the rate performance at various current densities reinforced the superiority of the SN-CNTs,
which displayed higher discharge capacities at both low and high rates. The remarkable stability of the electrode is evident in the long-
term cycling tests at 0.5C for 100 cycles, with SN-CNTs maintaining a charge capacity of 764 mA h g™, corresponding to a capacity
retention of 71 % and a minimal capacity fade rate of 0.29 % per cycle. These findings suggest that functionalization improves electron
conduction, ion transport, electrolyte retention, and polysulfide confinement. This approach holds promise for advancing high-
performance Li-S batteries and may be extended to other CNT-based energy storage systems.
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