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Abstract: In this manuscript, we are reporting on the influence of MWNTs (multiwalled carbon
nanotubes) on the structural, bonding, and surface morphological response on sulfur nanoparticles.
Sulfur and multiwalled carbon nanotube (MWCNT) composites are formed using the solution casting
method. The concentration of MWCNTs (0.01 and 0.05) and sulfur (0.99 and 0.95), respectively, was
taken in weight ratios during fabrication of the composites. These fabricated composites have been
characterized using XRD (X-ray diffraction), FESEM (field emission scanning electron microscopy),
and FTIR (Fourier-transform infrared spectroscopy) techniques. XRD spectra reveal that the crystallite
size distribution was in the range of ca. 55 nm to 78 nm, as well as enhanced crystallinity upon
increasing the concentration of MWCNTs in sulfur composites. Dislocation density and strain
have been found to be increased in composites showing increased augmentation of MWCNTs
(i.e., S95% MWCNT5%), while FESEM images confirm the uniform distribution of MWCNTs in sulfur
composites, along with round structures at the nanoscale range. FTIR spectra depicted the bending
and stretching of C-H bands. Composites with a higher concentration of MWCNTs show slightly
more stretching vibrations. This indicates the further delocalization of electrons, which reveals that as
MWCNTs’ concentration is increased, electrical conductivity enhances, showing that MWCNTs could
perform better in electrical industries. The further delocalization of electrons also expresses that
free electron–hole pair formation is better in composites with a higher concentration of MWCNTs,
accounting for the fact that the photocatalytic response may increase in composites with a higher
concentration of MWCNTs. Overall, it can be said that as the MWCNT concentration is ameliorated,
the composites show a more crystallized structure with more vibrations. This characteristic of
MWCNTs/sulfur composites is useful in photocatalytic response as well as in cathode materials in
sulfur batteries.

Keywords: multiwalled carbon nanotube; sulfur; solution casting method; delocalization; tensile strain

1. Introduction

Carbon nanotubes (CNTs) have gained immense attention due to their activity against
chemical and biological pollutants [1]. CNTs are regarded for their higher area-to-volume
ratio, higher thermal, electrical, and mechanical abilities, and low density [2]. John Raphael
et al. reported that adding CNTs to form composites could increase the load-carrying
capacity or the strength of the overall nanomaterial. Apart from this, CNTs lessen weight
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and behave as heat conductors [2]. They are hydrophobic in nature; to ameliorate dis-
persibility, they can be functionalized using nitric acid. MWCNTs are crystalline in nature
and are tubular allotropic forms of elemental carbon and can be utilized as an additive
to support catalysts utilized in organic transformations [3]. MWCNTs are composed of
many layers of graphite wrapped around each other in a cylindrical way, possessing an
interlayer dispersing of 3.4 Angstroms [4]. Iliyas Raza et al. studied why carbon nanotubes
are known to be used as conductive nanofillers to ameliorate mechanical and physical
properties [5]. The size of CNTs plays a key role in achieving materials strengthening [5].
Generally, in polar solvents, CNTs can agglomerate due to Van der Waals inter tube bind-
ing, which can reach 500 eV per micrometer [6]. To prevent this situation, solvents are
chosen appropriately, for instance CHP (cyclohexyl-pyrrolidone) and dimethylformamide
(DMF). The latter might vitiate the structure of SWCNTs (single-walled carbon nanotubes).
A. K. Singha Deb et al. found that because of CNTs’ hydrophobicity and chemical inertness,
their use is limited. Henceforth, they are intercalated with covalent or non-covalent changes.
Covalent surface transformations include the intercalation of new elements (viz., sulfur,
nitrogen, fluorine), or biomolecules could be infused. Non-covalent surface transformation
includes the adsorption of surfactants, polymers, or biological macromolecules. That is
to say that their intrinsic structure does not change. The covalent surface transformation
method is said to have better control than its counterpart [1]. Toshihiko Fujimori et al.
proposed that SWCNTs have fluctuating behavior, from metallic to semiconducting, which
relies on nanotube chirality (mentioned from the diameter to orientation along the axis).
Apart from this, CNTs are intensely rigid as they have stable sp2 carbon bonds [7]. Jamshed
Aftab et al. investigated that after merging MWCNTs with binary composite WO3/WS2,
the specific capacity and conductivity of the electrode enhanced. As a result, the ternary
asymmetric supercapacitor was used for practical implementation [8]. M. Isacfranklin
et al. introduced that CNTs are fruitful alternatives for energy storage devices due to their
good mechanical strength, and concentric tubes in MWCNTs help in imparting support to
other compounds [9]. Sulfur is implemented in making cathode in lithium sulfur batteries
on account of its abundance in nature, cost effectivity, high theoretical energy density,
environmental friendliness, and its ability to hold more energy compared to traditional
ion-based batteries. Sulfur and MWCNTs both have their dominance in electrical purposes.
That is why the influence of MWCNTs on sulfur/MWCNT composites has been studied in
this paper.

2. Materials and Method
2.1. Materials

Sulfur powder (99.99% purity) was purchased from Rankem Avantor Performance
Materials India Limited. Carboxyl group functionalized MWCNTs were purchased from the
Chengdu Institute of organic Chemistry, Chinese Academy of Sciences (China).
Two compositions were formed using a solution casting method. Sulfur with 95% parts
(in weight) and MWCNTs with 5% parts (in weight) are named S95%MWCNT5%. Corre-
spondingly, sulfur with 99% parts (in weight) and MWCNTs with 1% part (in weight) are
named S99%MWCNT1%. MWCNTs were dissolved in 10 mL ethanol and sonicated for
an hour using a probe sonicator. Sulfur was dissolved in 30 mL ethanol and magnetically
stirred for an hour at 345 rpm. The two solutions were mixed. The whole mixture was then
sonicated for 30 min again using a probe sonicator until attaining a uniform dispersion.
After filtering the residue, it was then vacuum-dried for one day at room temperature. The
mixtures were then crushed using a pestle and mortar for an hour. Figure 1 represents the
schematic diagram of the synthesis procedure for sulfur and MWCNT composites. The
experiment was performed at 28 ◦C.
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Smart Coater. The Bruker Alpha Fourier-transform infrared (FT-IR) spectrometer in the
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ple handling technique. 
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Figure 1. Schematic diagram for synthesis procedure of sulfur and MWCNT composites.

2.2. Characterization

Structural analysis of the nanocomposites was performed using the Bruker-AXS
D8 ADVANCE X-ray diffractometer with a CuKα radiation source with a step width of
0.02◦ and scan range of 5◦ to 75◦, and it operated at a voltage of 40 kV and current of
50 mA. The scan speed was 10.00◦/min. The XRD machine offers less than 380 eV FWHM
energy resolution for Cu—radiation at 298 K. Surface morphology of the composites was
investigated using MIRA II LMH scanning electron microscopy (SEM) from TESCAN using
an accelerating voltage of 5 kV; after, gold-coating occurred with apparatus Dll—29030SCTR
Smart Coater. The Bruker Alpha Fourier-transform infrared (FT-IR) spectrometer in the
range 4000 cm−1 to 400 cm−1 was used to collect the FTIR spectra using the KBr pellet
sample handling technique.

3. Results and Discussion
3.1. XRD Diffractogram Studies

The sulfur in the composites resembles sulfur with JCPDS No. 77-0145. Figure 2
depicts the XRD spectra for composites (a) S99% MWCNT1% and (b) S95% MWCNT
5%. Table 1 depicts the estimated values of strain, dislocation density, and crystallite size
obtained using the Debye–Scherrer method (DS), modified Scherrer method (MS), and
WH-Plot (WH) for (1) S99% MWCNT1% and (2) S95% MWCNT5% composites.

From Table 1, it can be inferred that for composite S99% MWCNT1%, the average
crystallite size ranges from 58 nm to 67 nm, and for composite S95% MWCNT5%, the
average crystallite size ranges from approximately 55 nm to 78 nm. Also, the tensile
strain and dislocation density increased slightly upon introducing the augmented MWCNT
concentration. This increased strain reveals that the mechanical strength increased in the
composite with a higher concentration of MWCNTs, which unveils that this composite with
a higher MWCNT concentration may prove to be better in battery applications. The increase
in dislocation density suggests the occurrence of enhanced strength in the composite with
a higher MWCNT concentration, again suggesting better electrode applications. Figure 3
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illustrates the WH-Plot for (a) S99% MWCNT1% and (b) S95% MWCNT5%. The slope of
WH- Plot represents strain.
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Figure 2. XRD spectra for S99% MWCNT1% and S95% MWCNT5%.

Table 1. Estimated values of strain, dislocation density, and crystallite size (t) obtained using the
Debye–Scherrer method (DS), modified Scherrer method, (MS) and WH-Plot (WH) for (1) S99%
MCNT1% and (2) S95% MWCNT5%.

Sr. No. Sample Name Strain
(ϵ × 10−4)

Dislocation
Density (δ)

(10−4 nm−2)

Crystallite Size
tDS (in nm)

Crystallite Size
tMS (in nm)

Crystallite Size
tWH (in nm)

1. S99%
MWCNT 1% 3.74 2.96 58.92 64.75 67.64

2. S95%
MWCNT 5% 8.70 3.35 55.17 64.90 78.34
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Figure 3. W-H Plot for (a) S99% MWCNT1% and (b) S95% MWCNT5%.

Figure 4 illustrates a column chart depicting the crystallinity (in %) of composites
(a) S99% MWCNT1% and (b) S95%MWCNT5%. From Figure 4, it can be seen that S99%
MWCNT1% composite’s crystallinity is at 51.82%, and S95% MWCNT5% composite’s
crystallinity is at 55.78%. Also, as the MWCNT concentration increases, crystallinity
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increases. In other words, the augmentation of MWCNTs enhances crystalline nature. The
increase in crystallinity indicates an increase in long range order, which in turn increases
the strength of the composites with a higher concentration of MWCNTs. This reflects the
property of MWCNT, that despite it being added in small amounts, it has strengthened
the composite.
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3.2. Morphological Studies

Figure 5A,B represent the FESEM micrographs of (A) S 95% MWCNT 5% and
(B) S 99% MWCNT 1%. Figure 6A represents a magnified view at 100 nm of S 95% MWCNT
5%. Alongside, Figure 6B represents the counts vs. size (nm) histogram curve for Figure 6A.
In Figure 5A,B, composite particles appear to be round, with some degree of agglomeration.
MWCNTs have fibrous structures, and sulfur has a round structure. Figure 6A represents
mixed fiber/round morphologies. The particle size calculated from Figure 6B shows an
average particle size of 46.45 nm.
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3.3. FTIR Studies

FTIR interpretation is mainly performed with the help of “Infrared Spectroscopy: Fun-
damentals and Applications” a book written by Barbara Stuart [10]. Figure 7 shows the
KBr-FTIR interferogram of (a) S95% MWCNT5% and (b) S99% MWCNT1%. Table 2 shows
the approximate characteristics of the vibrations and corresponding wave numbers related
to the transmittance peak in the IR spectrum. The FTIR lines for both the composites have
the same peak positions. It is observed that at 1045 cm−1, composite S95% MWCNT 5%
has a higher peak than S99% MWCNT 1%, which is also shown in the inset graph. This
1045 cm−1 peak is associated with the C-O stretching band of alcohols and S=O stretching
of sulfur compounds. The inset graph is a superposition of two FTIR lines. The stronger
band also signifies the further delocalization of electrons. This phenomenon tends to
increase electrical conductivity [11]. Also, this delocalization indicates further free exciton
pairs generation, accounting for the fact that the photocatalytic response could increase in
the composite with a higher concentration of MWCNTs.
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Table 2. Approximate characteristics of the vibrations and corresponding wave numbers related to
transmittance peak in the KBr-FTIR spectrum for (a) S95% MWCNT5% and (b) S99% MWCNT1%.

Sr. No. Position of Bands (cm−1) Assignment of Bands

1 570 C–H out-of-plane bending,
=C–H out-of-plane bending in alkenes

2 797 C–H out-of-plane bending of aromatic compounds,
=C–H out-of-plane bending in alkenes [12]

3 879 S-OR ester group [12]

4 1045 C-O stretching band of alcohols, S=O stretching of
sulfur compounds [13]

5 1227 Aliphatic C-O stretching of esters
6 1448 C=C stretching of carboxylic acid [14]
7 2355 Combination C-H stretching [15]
8 2972 C-H stretching of alkane [14]
9 3675 O-H stretching of alcohol [15]

4. Conclusions

In summary, MWCNT/sulfur composites have been synthesized using a solution
casting method. The XRD spectra confirm the crystalline structure of the composites.
Crystallinity has been found to increase with the augmented MWCNT concentration.
The strain and dislocation density ameliorate as the MWCNT concentration increases.
The average crystallite size distribution was found in the range of (ca. 55 nm to 78 nm).
The surface morphology confirms the homogeneous distribution of MWCNTs in sulfur,
along with round structures for the composites. The fiber-like structure resemblance is
due to the presence of MWCNTs, and round structures are due to sulfur. The FT-IR
interferogram depicts the presence of =C-H, C-OH, C=O, S=O, C-H, S-OR, O-H, C=C, and
C-O bonding vibrations. Crystallinity has been found to increase upon enhancing the
MWCNT concentration in sulfur composites.

Author Contributions: Conceptualization: S.K.J. and B.T.; methodology: S.K.J. and B.T.; software:
K.J.; validation: K.J. and A.M.; formal Analysis: K.J.; investigation: K.J.; resources: B.T. and S.D.;
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