
Diamond & Related Materials 127 (2022) 109156

Available online 6 June 2022
0925-9635/© 2022 Elsevier B.V. All rights reserved.

Ni3S2 nanowires filled carbon nanotubes of ultra-high quality: Synthesis 
methods, structure, and electrical properties 

Yuba Raj Poudel a, Xu Zhao a,c, Katherine L. Jungjohann b, Arun Thapa a, Rui Guo a, Wenzhi Li a,* 

a Department of Physics, Florida International University, 11200 SW 8th Street, Miami, FL 33199, USA 
b Center for Integrated Nanotechnologies, Sandia National Laboratories, Box 5800, Albuquerque, NM 87185, USA 
c College of Physics, Key Laboratory of Advanced Films of Hebei Province, Hebei Normal University, 20 S 2nd Ring Rd E, Yuhua District, Shijiazhuang, Hebei 050024, PR 
China   

A R T I C L E  I N F O   

Keywords: 
Carbon nanotubes (CNTs) 
Filled CNTs 
Nickel sulfide (Ni3S2) 
Ni3S2 nanowires 
In situ filling 

A B S T R A C T   

The synergy between the host carbon nanotube (CNT) and the guest filler distinguishes the filled CNTs as hybrid 
nanomaterials with unique properties. Many materials have been filled inside the CNT cores using several 
strategies; however, a reliable filling method to encapsulate transition metal sulfide nanowires inside the CNTs is 
still lacking. An in situ method is developed for the first time to synthesize the Ni3S2 nanowires filled CNTs 
(Ni3S2@CNTs), and their fundamental properties are investigated. Electron microscopy results demonstrate a 
core-shell structure of Ni3S2@CNT, i.e., a CNT filled with a continuous and single-crystalline, rhombohedral 
Ni3S2 nanowire up to several micrometers in length. An exceptionally low value of the ratio between the in
tensities of D and G bands (ID/IG = 0.26) in the Raman spectroscopy measurements suggests that Ni3S2@CNTs 
are very well graphitized, possessing an ultra-high quality. A mean resistivity of 6.1 × 10−5 Ωm is estimated 
using both two probe and four-point probe measurements on individual Ni3S2@CNTs. Also, a diameter selective 
electrical breakdown or emptying of the filled nanotube channel is observed as higher currents pass through an 
individual Ni3S2@CNT.   

1. Introduction 

Carbon nanotubes (CNTs) are formed due to the rolling up of one or 
many graphitic layers in a concentric manner [1]. When a graphene 
layer converts into a one-dimensional cylindrical structure having a 
nano-scaled diameter, it brings about novel physical properties in CNTs. 
For example, a particular CNT can have metallic or semiconducting 
properties depending on its diameter and helicity [2,3], which are 
different from the electronic properties of semi-metallic graphene/ 
graphite [4,5]. To date, CNTs have garnered a high level of attention 
given their unique electronic [2], mechanical [6], and thermal [7] 
properties attractive for various applications. 

In addition to the fundamental physical properties owned by CNTs, 
many strategies have been put forward to enhance them further and 
broaden their real-life applications. Among many, the filling of the CNT 
interior remains an attractive method since it can synergize the qualities 
of both the CNT and the filling material [1]. Thanks to the unique 
tubular structure of CNT that offers the possibility of filling its hollow 
core with a variety of inorganic and organic materials to form different 

nanohybrids. These nanohybrids can be visualized as nanocapsules or 
nanococcons containing carbon shell(s) encasing another material in 
different forms such as nanoparticles (NPs), nanorods, nanowires, etc. 
The encapsulation of foreign materials in the empty cores of CNTs allows 
a blending of the properties of host CNTs and guest fillers bringing un
usual electrical [8,9], magnetic [10,11], electromagnetic [12–14], 
electrochemical [15,16], and optical properties [17,18] among the filled 
CNTs (X@CNTs [19], where X is an arbitrary filler). Filled CNTs with 
such unique behavior have shown promising applications in energy 
storage devices, electromagnetic shielding, sensors, filters, memory 
devices, nano biomedical devices, etc. [1]. 

There are two different methods of filling CNTs which are widely 
known as ex situ filling and in situ filling [1,19]. Ex situ filling or post- 
synthesis filling is a multi-step filling process whereas an in situ filling 
is a single-step filling process in which CNTs are synthesized and filled 
simultaneously. The in situ filling is a sophisticated method that enables 
a complete filling of the CNT core whereas the ex situ method usually 
generates a partial and discontinuous filling. Unlike ex situ filling, the in 
situ filling method does not require any chemical or thermal treatment to 
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open the CNT tips which can compromise the quality of filled CNTs. 
Moreover, it's a more reliable and efficient method due to the ease of 
control over the filling parameters involved in the one-step process. 

Until today, numerous inorganic [12,13,15,20–23] and organic 
materials [24–26] have been encapsulated inside CNT cores, however, 
most of them were attained through ex situ methods. There still exists a 
serious challenge in the detailed study of the filled CNTs due to a very 
low quantity of filled CNTs that can be synthesized using the existing ex 
situ techniques. Another difficulty persists in the substrate nature itself 
which usually limits the applications of the filled CNTs. Last but not the 
least barrier remains the quality of the filled CNTs which plays a vital 
role in their physical properties such as mechanical strength, thermal 
resistance, electrical conductivity, chemical reactivity, etc. Thus, there 
exists a dire need for an upscaled and reliable in situ method that can be 
implemented to synthesize filled CNTs of high quality in different sub
strates capable of practical applications. 

Nanostructured nickel sulfides possess interesting and useful phys
ical properties and have remained on research focus for the past few 
decades, however, they haven't been filled inside CNTs previously and 
thus the fundamental properties of nickel sulfide filled CNTs are still 
unclear. There are many stable phases of nickel sulfide including 
simplest to more complex forms such as α-NiS, β-NiS, NiS2, Ni3S2, Ni3S4, 
Ni7S6, Ni9S8, Ni17S18, etc. [27,28]. Amidst different members of the 
nickel sulfide family, Ni3S2 (heazlewoodite) has attracted many re
searchers and scientists due to its intrinsic metallic behavior, high 
abundance, high stability, high energy storage capacity, environmen
tally benign behavior, and exceptional catalytic properties [29–31]. It 
has been established that the physical properties of Ni3S2 can be boosted 
by integrating it with carbonaceous materials. For example, Guan et al. 
[30] found that Ni3S2 nanocrystals covered with a few layers of carbon 
and anchored on graphene sheets can provide discharge capacities up to 
850 mAhg−1 and 630 mAhg−1 at current densities of 200 and 5000 
mAg−1, respectively during anode application for LIBs. The performance 
enhancement of Ni3S2 is due to the wrapping effect by C layers which 
can avoid the damage and degradation of Ni3S2 nanocrystals during 
charge-discharge processes. Similarly, another study [29] shows that 
carbon-coated Ni3S2 nanowires act as efficient and highly stable elec
trocatalysts for hydrogen evolution reactions exhibiting a potential of 
about 199 mV at 10 mAcm−2 at a current density of 20 mAcm−2. 

There are two main advantages of filling Ni3S2 nanowires inside 
CNTs. First, Ni3S2 itself possesses intrinsic metallic behavior with a 
measured resistivity of 1.2 × 10−6 Ωm [32], which can dramatically 
change the electrical properties of CNTs facilitating the charge trans
portation along the Ni3S2@CNTs. The other advantage is that the robust 
walls of CNTs can inhibit or prevent the Ni3S2 filler from any damage or 
degradation during several applications. Thus, it is expected that 
Ni3S2@CNTs exhibit unique physical properties and can find numerous 
applications in next-generation electronic devices and electrochemical 
systems. 

Here, we describe a novel in situ method to synthesize multi-walled 
CNTs filled with nickel sulfide nanowires (Ni3S2@CNTs) directly on 
both porous and non-porous substrates using two different catalyst 
precursors. The first approach can be used to synthesize Ni3S2@CNTs on 
Si substrates with control over their lengths and diameters whereas the 
second approach can be used to synthesize a significant mass of 
Ni3S2@CNTs on conductive nickel foam (NiF) and carbon cloth (CC) 
substrates. Both techniques lead to the growth of high-quality CNTs 
completely and continuously filled with Ni3S2 nanowires up to several 
micrometers in length. Besides the material synthesis procedure, we also 
present a detailed characterization of Ni3S2@CNTs using several tech
niques and communicate their intrinsic electrical properties. 

2. Materials and methods 

2.1. Materials 

Nickel nitrate hexahydrate (Ni (NO3)2⋅6H2O, 99 % pure) was pur
chased from Fisher Scientific International, Inc. and Ni NPs (99.9 %, 40 
nm, metal basis) were purchased from US Research Nanomaterials, Inc. 
Ni foam (99.99 %, 1.6 mm thick, 80–100 pores per inch) was purchased 
from MTI Corporation and carbon cloth (CeTech carbon cloth without 
microporous layer) having a thickness of 330 μm was purchased from 
the Fuel Cell Store. All reagents including isopropyl alcohol (IPA), 
acetone, and ethanol were purchased from Fisher Scientific and were 
used as received. Thiophene (C4H4S) – the precursor for carbon and 
sulfur, of extra pure grade (99+ %) was purchased from Acros Organics. 
Empty multi-walled CNTs (used as a reference in this work) were syn
thesized using a method similar to that reported in the literature 
[33,34]. Briefly, CNTs were synthesized on iron/silica substrates by the 
pyrolysis of acetylene. The iron/silica substrates were formed by a sol- 
gel process in which tetraethoxysilane and iron nitrate aqueous solu
tion were used as the precursors and concentrated hydrogen fluoride 
was used as an additive to control the gelation speed. After gelation, the 
gel was dried overnight at about 100 ◦C to form substrates, then the 
substrates were calcined at 450 ◦C overnight. For the carbon nanotube 
synthesis, the substrates were reduced at 550 ◦C for 5 h in a flow of 9 % 
H2/N2 with a flow rate of 110 cm3/min to yield iron nanoparticles on the 
surface of silica. Subsequently, carbon nanotubes were produced on the 
substrates in a flow of 9 % acetylene in nitrogen with a 110 cm3/min 
flow rate at 650 ◦C for 24 h. Au electrodes (both two and four probes) 
were pre-patterned on a SiO2/Si wafer using photolithography to 
conduct the electrical measurements. To construct a nanodevice for in 
situ electrical measurements, Ni3S2@CNTs were scraped from the sub
strate using a razor blade and affixed to an Al wire using conductive 
epoxy. 

2.2. Synthesis of Ni3S2@CNTs via nickel salt 

Ni (NO3)2⋅6H2O was crushed and mixed with IPA to make three 
different catalyst solutions of concentrations 0.02 M, 0.04 M, and 0.06 
M. Silicon substrates were cleaned and coated with the catalyst solution 
using a two-stage spin coating (850 rpm for 60 s and 2000 rpm for 
another 60 s) to achieve a uniform thin layer of catalyst particles. 

Firstly, catalyst solution-coated Si substrates were heated in the air in 
a furnace at 600 ◦C for 30 mins to oxidize the catalyst layer. Afterward, 
Ar and H2 were passed through the chamber, both at a flow rate of 
100–200 sccm for 15 mins, to reduce the catalyst oxide to metallic 
catalyst. After reduction, H2 flow was stopped and Ar was continued to 
flow in the chamber until the desired synthesis temperature 
(1000 ◦C–1200 ◦C) was reached. Then, Ar was flown at an increased 
concentration (1650–1850 sccm) and H2 flow (100–200 sccm) was also 
resumed. However, H2 was flown through a new path such that it could 
bubble through the thiophene, carrying the carbon and sulfur precursor 
to the reaction chamber. The synthesis was carried out for 10–30 min 
where the graphitization of carbon walls and filling of the interior with 
Ni3S2 nanowires could coincide simultaneously. The chamber was 
naturally cooled down in an inert atmosphere after the synthesis was 
completed. 

2.3. Synthesis of Ni3S2@CNTs via nickel nanoparticles 

Since the growth scale of Ni3S2@CNTs was limited on Si substrates, 
another method was developed to synthesize a large number of 
Ni3S2@CNTs on three-dimensional NiF) and carbon cloth (CC) sub
strates. To begin with, a dispersion of desired concentration (2–100 
gl−1) was created using Ni nanoparticles and IPA. It was then placed in 
an ultrasonication bath for 5 min to make the suspension uniform and 
was transferred to a clean vial. NiF or CC substrates were cut into small 
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pieces e.g., roughly 2 cm × 2 cm in size (note: any size and shape of the 
substrate can be chosen which fits in the system) and were cleaned in an 
ultrasonication bath. The NiF or CC substrates were immersed in the 
IPA- Ni NPs suspension for 5 min. The vial was gently stirred to prevent 
the agglomeration of Ni NPs during the dip-coating process. Afterward, 
the substrates were heated at 150 ◦C for 5 min using a hot plate to 
evaporate the IPA. The CVD growth of Ni3S2@CNTs was carried out on 
the NiF or CC substrates as described in Section 2.2, however, a pre- 
treatment was required for NiF substrates. The pretreatment process 
was a complete synthesis process with similar experimental conditions 
but in the absence of Ni catalyst particles. The role of the pre-treatment 
on NiF substrates is discussed in Section 3.2. It is very important to note 
that CC substrates do not require any pre-treatment process such as heat 
treatment, chemical activation, plasma treatment, etc. They can be used 
in pristine form to load the catalyst particles and subsequently synthe
size Ni3S2@CNTs in one step. During the synthesis via Ni NPs, the first 
step (oxidation in the air) was eliminated in both substrates since the 
catalysts were pure metal NPs. 

2.4. Characterization techniques 

Field Emission Scanning Electron Microscope (FESEM) JEOL JSM- 
6330F and JSM-F100 Schottky FESEM were used to obtain the SEM 
images on an accelerating voltage of 15–25 kV. Transmission electron 
microscopy (TEM) images, energy dispersive X-ray (EDX) spectra, and 
selected area electron diffraction (SAED) patterns were acquired by 
using FEI Tecnai F30 TEM, Tecnai G2 20 U-Twin high-resolution TEM, 
and FEI Talos F200X TEM equipped with EDAX, operating at an accel
erating voltage of 200 kV. Siemens Diffraktometer D5000 with Cu Kα 
radiation (λ = 1.54 Å) was used to acquire the XRD profiles of powder 
samples. Raman measurements were made using a laser wavelength of 
632.8 nm in a Raman microscope setup as described in the reference 
[35]. Agilent Technologies Cary Series UV–Vis-NIR spectrophotometer 
was used to collect the UV–Vis spectra. Fourier Transform Infrared 
Spectroscopy (FTIR) was performed using JASCO FTIR-4100 whereas 
the Thermogravimetric Analysis (TGA) was carried out in SDT Q600. 

The tips of Ni3S2@CNTs were opened using Harrick plasma cleaner. The 
electrical characterizations were performed using Keithley 2400 Source 
meter and the in situ electrical tests were performed inside a Thermo 
Fisher Scientific Titan G2 ETEM at 300 kV with a Gatan K3-IS high-speed 
direct electron camera. 

3. Results and discussions 

3.1. Ni3S2@CNTs synthesized via nickel salt 

Fig. 1 (a-c) show the SEM images of a small section of the catalyst 
layer (0.06 M concentration) on Si substrate after dispersion, oxidation, 
and reduction, respectively, and a typical particle in each case is shown 
in Fig. 1(d-f), respectively. The smooth surface (dome-shaped structure) 
as observed in Fig. 1d undergoes a surface fracture forming a rose-like 
multi-layered structure after air oxidation at 600 ◦C which is shown in 
Fig. 1e. Fig. 1f shows the further evolution of the particle surface (for
mation of clusters) after reduction by H2 gas. Figs. 1 (g-i) are the high 
magnification SEM images showing the details of the particle surface 
after dispersion, oxidation, and reduction, respectively. The evolution of 
the catalyst can be understood as the following. Firstly, the as-dispersed 
nickel nitrate hexahydrate particle (shown in Fig. 1g) decomposes after 
heat treatment and converts into nickel oxide (NiO) at around 573 ◦C. 
Meanwhile, the high temperature also causes surface modification (fis
sures on the particle surface) as shown in Fig. 1h. During the reduction 
by H2 gas, NiO converts into metallic Ni along with a further surface 
modification as shown in Fig. 1i. In the synthesis process, the furnace 
temperature rises further causing the further dissociation of big Ni 
clusters (shown in Fig. 1i) into smaller Ni NPs which act as the final 
catalysts for the growth of Ni3S2@CNTs. 

Fig. 2 shows the SEM images of Ni3S2@CNTs synthesized on Si 
substrates using different concentrations of catalyst solution. Figs. 2 (a- 
c) show the low magnification SEM images and Figs. 2 (d-f) show the 
high magnification SEM images of samples obtained using catalyst 
precursors of concentrations 0.02 M, 0.04 M, and 0.06 M, respectively. 
All growth conditions were identical where the flow rates of H2 and Ar 

Fig. 1. SEM images (low magnification) of 0.06 M catalyst particles after (a) dispersion (b) oxidation (c) reduction; (d-f) a representative particle after dispersion, 
oxidation and reduction, respectively; (g-i) SEM images (high magnification) of a representative particle after dispersion, oxidation and reduction, respectively. 
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were 115 sccm and 1700 sccm, respectively, and the synthesis was 
carried out for 15 min at 1000 ◦C. 

It is clear from Fig. 2 (d-f) that Ni3S2@CNTs have a linear and 
tapering structure which is very unique compared to empty MWCNTs 
which are typically curved and intertwined due to hollow cores which 
causes radial buckling. To understand the effect of the concentration of 
the catalyst precursor, lengths and diameters measurements were per
formed on100 different Ni3S2@CNTs synthesized from each concentra
tion. As the catalyst concentration increased, Ni3S2@CNTs became 
longer and thicker without any effect on the morphology. The histogram 
in Fig. S1 shows the distribution of lengths and diameters of 
Ni3S2@CNTs synthesized using three different concentrations of the 
catalyst precursor. Also, it was established that the optimized catalyst 

concentrations for the growth of Ni3S2@CNTs on Si substrates lie in the 
0.02 M- 0.06 M range (See Fig. S2 for the results obtained from lower 
and higher concentrations). However, higher concentrations of the 
catalyst can be used to synthesize Ni3S2@CNTs on other substrates such 
as carbon cloth as shown in Fig. S3. 

3.2. Ni3S2@CNTs synthesized via nickel nanoparticles 

The synthesis of Ni3S2@CNTs via nickel salt offers control over the 
dimensions of Ni3S2@CNTs, however, this method suffers two serious 
challenges. First, it cannot be upscaled to synthesize a significant 
quantity of Ni3S2@CNTs and the other drawback arises from the poor 
electrical conductivity of the substrate itself. To solve these problems, 

Fig. 2. SEM images of Ni3S2@CNTs synthesized using Ni(NO3)2⋅6H2O - IPA of concentrations 0.02 M (Figure a and d), 0.04 M (Figure b and e), and 0.06 M (Figure c 
and f), respectively. 

Fig. 3. Low magnification SEM image of (a) pristine NiF, (b) NiF after dip-coating (inset shows deposition of Ni NPs), and (c) NiF after the growth of Ni3S2@CNTs. 
(d) SEM image showing the linear structure of Ni3S2@CNTs. (e) High magnification SEM image showing CNTs and the filler Ni3S2 (f) SEM image of Ni3S2@CNTs after 
extraction from the NiF substrates. 
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we have advanced the synthesis of Ni3S2@CNTs in other useful sub
strates such as NiF and CC using Ni NPs as the catalyst precursor. It is 
desired to synthesize Ni3S2@CNTs on NiF as it has unique features such 
as high specific surface area along with a multilayered porous structure, 
high intrinsic strength, lightweight, good electrical and thermal con
ductivity, etc. Fig. 3 shows the SEM images of Ni3S2@CNTs synthesized 
on NiF (Ni3S2@CNTs/ NiF). As mentioned before, the growth of 
Ni3S2@CNTs was not observed in pristine NiF dip-coated with Ni cata
lyst particles and a pre-treatment to the substrate under the same growth 
conditions in the absence of Ni catalyst NPs was necessary for the syn
thesis of Ni3S2@CNTs. The main reason behind this situation can be that 
Ni NPs liquefy and sink at the surface of the NiF resulting in the loss of 
the catalytically active Ni NPs at high temperatures. However, if the NiF 
is pretreated, a layer of Ni3S2 and carbon can form on its surface which 
acts as the barrier between the NiF surface and Ni NPs and prevent the 
dissolution of the Ni NPs into the NiF. The formation of Ni3S2 and carbon 
on the NiF surface after a pretreatment under identical experimental 
conditions was confirmed by comparing the XRD spectra of pristine NiF 
and pre-treated (sulfidized) NiF as shown in Fig. S4. Fig. 3a shows a 
section of a pristine NiF and Fig. 3b shows a similar section after dip- 
coating the NiF substrate in Ni NPs-IPA suspension. Given the porous 
and three-dimensional structure of NiF, it can be loaded with a larger 
quantity of Ni NPs, however, the catalyst loading can be controlled by 
one's choice by changing the concentration of the Ni NPs-IPA suspen
sion. For example, 10.19 mg of Ni NPs can be loaded on a particular NiF 
substrate 2 cm × 2 cm, as shown in Fig. 3b, after dip-coating with a 
suspension having a concentration of 80 gl−1. 

The SEM images in Fig. 3 (c-e) show that almost all Ni catalyst 
particles take part in the growth of the nanotubes. Fig. 3f shows a thin 
film of Ni3S2@CNTs deposited on a Si substrate after the samples were 
extracted from NiF substrates using an ultrasonication process. 

It is also desirable to synthesize Ni3S2@CNTs on another useful 
substrate that can offer other unique features and eliminate the 
requirement of the substrate pretreatment. Among many, carbon cloth 
(CC) substrate remains an attractive substrate material due to its high 
modulus, high flexibility, electrical conductivity, thermal stability, low 
weight, low density and high chemical resistance against oxidation and 
corrosion and can be extremely useful for electrochemical and electro
magnetic applications [36,37]. Furthermore, the woven geometry of a 

CC substrate provides an additional geometric enhancement effect 
during several applications [38]. In this work, we present the first 
example of the synthesis of filled CNTs on CC substrates. The applica
tions of Ni3S2@CNTs synthesized on NiF and CC substrates can be 
envisioned as electrodes for lithium-ion batteries, electrochemical water 
splitting systems, etc. On the other hand, the Ni3S2@CNTs extracted 
from the substrates can find the applications as conductive additives for 
electrode materials. Fig. 4a shows a section of a pristine CC substrate 
containing a stack of several carbon threads which can be loaded with Ni 
NPs catalysts by a dip-coating method. Such loading of catalyst particles 
can be seen in Fig. 4b where Ni NPs appear to attach to each carbon 
thread. This loading density, however, can be controlled by changing the 
concentration of Ni NPs-IPA suspension. For example, one shown in 
Fig. 4b was achieved using a 20 gl−1 concentration of the catalyst par
ticles, however, we have observed a successful growth using any catalyst 
concentration in the range of 2–100 gl−1. It was found that the catalyst 
concentration is directly related to the quantification of Ni3S2@CNTs, 
meaning that we can control the mass and growth density of 
Ni3S2@CNTs on the CC substrate by changing the concentration of Ni 
NPs suspension. Fig. 4c shows a high magnification SEM image of a 
cluster of Ni NPs with an average diameter of 40 nm dispersed on the CC 
substrate. It is important to understand that these smaller catalyst par
ticles can melt and fuse together at higher temperatures to form bigger 
Ni NPs (several hundred nanometers to 1 μm) which are the actual 
catalysts for the nucleation and growth of Ni3S2@CNTs. Fig. 4d and e 
show the uniform growth of Ni3S2@CNTs on the CC substrate 
(Ni3S2@CNTs/ CC). Alike Ni3S2@CNTs/Ni-F, Ni3S2@CNTs/CC also 
possess the core-shell structure and the Ni3S2@CNTs can be easily 
collected in powder/cluster form through the ultrasonication of the 
Ni3S2@CNTs/ CC for 5–10 min as shown in Fig. 4f. It was also observed 
that CC substrate being inert in nature remains unchanged after pre
treatment under identical experimental conditions, whereas NiF sub
strates would produce a change in mass due to the formation of Ni3S2 
and C layers. 

3.3. Microstructure of Ni3S2@CNTs 

The TEM images of Ni3S2@CNTs synthesized on NiF substrates using 
40 nm Ni NPs are shown in Fig. 5. Fig. 5a demonstrates the reliability of 

Fig. 4. SEM images of (a) pristine CC and (b) CC after loading Ni NPs catalysts. (c) High magnification SEM image of as-dispersed Ni NPs. (d-e) SEM images of 
Ni3S2@CNTs/CC at different magnifications, and (f) SEM image of Ni3S2@CNTs collected via ultrasonication and deposited on a Si wafer by spin-coating. 
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the method showing a complete filling of almost every CNT. The frag
mentation observed in some Ni3S2@CNTs is due to the ultrasonication 
process which was used to collect samples for TEM studies. The TEM 
image of an individual Ni3S2@CNT with a spherical root is shown in 
Fig. 5b while the inset shows the closed tip structure of Ni3S2@CNT. 

Fig. 5c shows the high-resolution TEM image of a Ni3S2@CNT having 
a smaller diameter (nanowire diameter of 36 nm and overall nanotube 
diameter of about 100 nm), however, the diameters of some 
Ni3S2@CNTs can exceed 500 nm (shown in later sections). The contin
uum of lattice planes observed on either side of the nanotube-filler 
interface reveals a complete filling in the radial direction too. The 
inset on the right side of Fig. 5c shows the fringe separation of the outer 
case is 0.34 nm which matches with the (002) plane of graphitic carbon 
whereas the spacing of 0.28 nm of the inner core matches with the d- 
spacing of (110) plane of rhombohedral Ni3S2- heazlewoodite phase (a 
= 5.745 A◦ and c = 7.135 A◦; space group R32 (155); ICDD reference 
card No: 00–044-1418). The single crystalline nature of the filler Ni3S2 
can be observed in the selected area electron diffraction (SAED) pattern 
(inset on the left side of Fig. 5c) obtained at the nanotube core. The spots 
were indexed as (011), (110), and (10-1) planes of Ni3S2 along the 
[1–11] zone axis. Fig. 5d shows the drift corrected STEM image of a 
Ni3S2@CNT about 350 nm thick; the inset shows its high-angle annular 
dark-field imaging (HAADF) STEM image. The elemental mapping of C- 
K, Ni-K, Ni-L, and S-K are shown in Fig. 5 (e-h), respectively and the 
corresponding EDX spectra are shown in Fig. 5i. It clearly shows three 
peaks corresponding to Ni (Kα at 7.470 keV, Kβ at 8.262 keV and Lα at 
0.851 keV) and a Kα peak corresponding to S at 2.306 keV. Other peaks 
correspond to Cu and C which are from the TEM copper grid and the 
CNT walls, respectively. The above research results indicate that the 
synthesized materials are Ni3S2@CNTs. Also, Ni3S2@CNTs synthesized 
on Si using nickel salt exhibited a similar microstructure which is shown 
in Fig. S5. 

The growth of Ni3S2@CNTs is catalyzed by the Ni metal catalyst and 
promoted by the metal sulfide filler. A recent study [39] shows that 
sulfur can combine with the metal catalyst to form metal sulfide in the 

vicinity of the metal surface and intensify the atomic carbon diffusion, 
which, in turn, accelerates the CNT growth. As the Ni metal converts to 
Ni3S2, a high-volume expansion can occur and extrude the filler in form 
of a long nanowire. The growth of the CNT walls and filling of the 
interior are simultaneous processes; however, the actual growth mech
anism is still unclear. Further investigation is necessary to understand 
the growth process which can explain the simultaneous growth and 
filling as well as the reason why Ni3S2@CNTs bear a tapering structure 
with thick roots and sharp tips. 

3.4. XRD, Raman spectroscopy, and UV–vis spectroscopy 

XRD measurements were performed on the powder samples collected 
from the NiF and CC substrates. The diamond symbols in Fig. 6a 
represent the diffraction patterns indexed as (101), (110), (003), (021), 
(113), (211), (104), (122), (131), (214), and (401) planes of rhombo
hedral Ni3S2 (ICDD reference card No: 00-044-1418) which correspond 
to the 2θ values of 21.75◦, 31.10◦, 37.77◦, 38.27◦, 49.73◦, 50.12◦, 
54.61◦, 55.16◦, 69.27◦, 73.04◦, and 77.89◦, respectively. A strong peak 
observed at 26.36◦ corresponds to the (002) plane of graphite (CNT). 
The three peaks labeled as (111), (200), and (220) and marked with star 
symbols show the diffraction patterns of Ni corresponding to the 2θ 
values of 44.50◦, 51.84◦, and 76.36◦, respectively. The presence of Ni in 
the XRD profile of Ni3S2@CNTs is due to the unreacted metallic Ni 
catalyst particles present at the root of each Ni3S2@CNT. Also, similar 
XRD patterns were observed for the Ni3S2@CNTs collected from the CC 
substrates as shown in Fig. S6. 

The Raman spectra of empty multi-walled CNTs and Ni3S2@CNTs in 
a frequency range of 120–2750 cm−1 are shown in Fig. 6b. The peak 
positions of D, G, and G' bands located at 1348 cm−1, 1597 cm−1, and 
2683 cm−1, respectively, for both samples, agree well with the literature 
data [40,41]. The features from the G band of CNTs arise due to the 
vibrations of sp2 bonded C atoms in a honeycomb-like lattice structure. 
On the other hand, the D band is related to the vibrations of sp3 carbon- 
containing impurities, broken sp2 bonds, lattice distortion, etc. 

Fig. 5. (a) TEM image (low resolution) showing Ni3S2@CNTs. (b) TEM image (low resolution) of a typical Ni3S2@CNT; inset shows the particle at the tip. (c) HRTEM 
image of a Ni3S2@CNT; insets show the SAED diffraction pattern and lattice fringes. (d) Drift corrected STEM image; inset shows the high-angle annular dark-field 
imaging (HAADF)-STEM image. (e-h) EDX elemental mapping of C-K, Ni-K, Ni-L, and S-K, respectively, and (i) EDX spectrum. 
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[30,41,42]. We observed a very low ID/IG ratio of 0.26 from 
Ni3S2@CNTs which confirms a high degree of crystallinity and quality of 
the CNTs. To the best of our knowledge, no report has ever reached this 
low ID/IG ratio for filled multi-walled CNTs. The key factors for such a 
high quality of Ni3S2@CNTs are the high temperature of the CVD sys
tem, continuous supply of H2 gas during the synthesis which can elim
inate the deposition of amorphous carbon, and the in situ nature of the 
filling process itself. Unlike empty CNTs, Ni3S2@CNTs show different 
Raman characteristics at lower frequencies due to the presence of Ni3S2 
nanowire at the interior of CNTs. The Raman bands (183, 195, and 216 
cm−1) shown in the inset of Fig. 6b match well with the literature data 
[29,43,44] which are related to the Raman active phonon modes of 
Ni3S2. The other three bands of Ni3S2 at around 302, 320, and 348 cm−1 

reported in the literature were absent in our measurements which can be 
due to their dependence on the laser excitation wavelength or any sort of 
nanotube-filler interaction. The band observed at 152 cm−1 is due to the 
stray light. 

Fig. 7 shows the optical absorption properties of Ni3S2@CNTs. 
Samples with four different concentrations (12.5, 25, 50, and 100 
mgl−1) were prepared using CNTs and ethanol. The suspension was 
made uniform with help of an ultrasonication bath and UV–Vis mea
surements were performed immediately. For empty CNTs (Fig. 7a), 
broad absorption peaks were observed at 276 nm along with a contin
uous drop of absorption over wavelengths which agrees well with the 
literature data [45–47] for empty MWCNTs. The broad absorption 

feature is the result of the collective oscillation of free electron gas 
(π-plasmons) in the conduction band of CNTs [48,49]. On the other 
hand, Ni3S2@CNTs exhibited unique UV–Vis features arising from the 
synergistic effects between the CNT shells and Ni3S2 filler as shown in 
Fig. 7b. The broad peak disappeared as the π-plasmons resonance could 
not occur due to the transfer of charges from CNT shells to the Ni3S2 
filler. It has recently been observed in a study [50] that there occurs a 
negative shift in the binding energy of the S 2P3/2 spectrum of Ni3S2 after 
wrapping it with a graphene layer. Also, electron transfer can occur from 
graphene to Ni3S2 which was revealed by the observation of C−S bond in 
the C 1s spectrum. Besides the unique UV–Vis spectra of Ni3S2@CNTs, a 
linear dependence of absorption on the concentration of both empty and 
filled CNTs (Fig. S7) was observed which is in agreement with Beer- 
Lambert law [45]. 

3.5. FTIR and TGA analysis 

Fig. 8 shows the Fourier Transform Infrared Spectroscopy (FTIR) and 
Thermogravimetric Analysis (TGA) of the Ni3S2@CNTs. In the FTIR 
shown in Fig. 8a, a strong peak obtained at 1032 cm−1 can be assigned to 
the S––O stretching of sulfoxide [51] formed by the presence of sulfur 
inside the reaction chamber during the synthesis of Ni3S2@CNTs. The 
peaks at 1098 cm−1 and 1150 cm−1 can be assigned to the C-O stretching 
[52] whereas the peak located at 1368 cm−1 is due to the S––O 
stretching of sulfonate. Similarly, the peak at 1454 cm−1 is related to the 

Fig. 6. (a) X-ray diffraction patternof Ni3S2@CNTs, (b) Raman measurements of empty* and Ni3S2 filled CNTs. 
* Empty CNTs are independent of the filled CNTs and are only used as a reference to show the Raman characteristics of typical empty MWCNTs. 

Fig. 7. UV–Vis spectra of (a) empty* CNTs and (b) Ni3S2@CNTs having different concentrations. 
* Empty CNTs are independent of the filled CNTs and are only used as a reference to show the UV–Vis characteristics of typical empty MWCNTs. 
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sp3 C-H bending, [53] and the peak at 1640 cm−1 is due to C––C 
stretching [54]. Likewise, the IR peak at 1720 cm−1 can be assigned to 
the C––O stretching of carboxylic acid [55] whereas the peaks in the 
region of 3200–3570 cm−1 are due to the OH stretching of H-bonded 
water. It is important to note that Ni3S2@CNTs exhibit sharp and strong 
peaks at 2850 and 2920 cm−1 which are their characteristic peaks in the 
FTIR spectrum. These two peaks are due to the C-H stretching in CH, 
CH2, and CH3 groups [51,55] which are very weak in CNTs synthesized 
by other methods [56,57]. These peaks are, however, stronger in 
Ni3S2@CNTs due to the continuous flow of H2 gas during the synthesis 
process which can ultimately functionalize the as-synthesized 
Ni3S2@CNTs by numerous alkyl groups. Fig. 8b represents the weight 
% (red curve) and derivative weight % (black curve) as a function of 
temperature. The peak observed at 635 ◦C is due to the oxidation of 
carbon walls which account for the very low weight (below 10 %) in the 
Ni3S2@CNTs. A strong peak located at 732 ◦C is due to the oxidation of 
Ni3S2. As Ni3S2 oxidizes to form NiO via metal oxosulfide intermediates 
(Ni3SO + SO) [58] it causes an initial increase in weight as seen clearly 
in the red curve. Another major peak observed at 840 ◦C can be due to 
the oxidation of Ni present in the roots of the Ni3S2@CNTs. It is 

interesting to observe that only about 25 % weight loss occurred while 
burning the Ni3S2@CNTs at 1000 ◦C in the air. The final remainder was a 
greenish powder identified as NiO by the EDX analysis (Fig. S8). 

3.6. Opening of Ni3S2@CNTs tips 

Some applications of filled CNTs may require their tips to be opened 
such that the filling material is exposed, and its chemical activity is 
further enhanced. We successfully demonstrate two quick and reliable 
methods of opening the tips of Ni3S2@CNTs by using the acid treatment 
and plasma etching. Ni3S2@CNTs, as synthesized on the respective 
substrate, can be treated with 0.1 M HNO3 for 5 min at room tempera
ture which can cause the opening of the tips of most of the Ni3S2@CNTs 
as shown in Fig. 9a. The acid treatment can also induce some damage on 
the CNT walls as observed in Fig. 9b. Fig. 9c shows the opening of the 
Ni3S2@CNTs tips when the sample was treated with an oxygen plasma 
operating at a power of 200 W for 30 min. A small vacancy at the tip of 
most of the nanotubes in Fig. 9c demonstrates that the effect of the 
plasma begins from the sharper tips causing the removal of the tip 
particle and subsequent annihilation of several micrometers of the filler 

Fig. 8. (a) FTIR spectrum of Ni3S2@CNTs, (b) TGA analysis of Ni3S2@CNTs.  

Fig. 9. SEM images of (a-b) acid opened Ni3S2@CNTs and (c-d) plasma opened Ni3S2@CNTs.  
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Ni3S2 near the tip region. Fig. 9d shows a plasma opened Ni3S2@CNT 
with a whisker like structure emanating at the tip which is possibly the 
exfoliated or stripped carbon shell remnant after plasma etching. 

3.7. Electrical properties of Ni3S2@CNTs 

The electrical properties of individual Ni3S2@CNTs were measured 
using both four-point probe and two probe methods. Firstly, Au elec
trodes (both four and two electrodes) were deposited on a SiO2/Si wafer 
using photolithography as shown in Fig. 10a and b (AFM image in the 
inset). A very dilute suspension of Ni3S2@CNT-IPA was then made and 5 
μl of it was dropped and spin-coated on the pre-patterned wafer con
taining the electrodes. The electrode system was immediately investi
gated in an optical microscope at an operating magnification of 100× to 
confirm if any single Ni3S2@CNT has passed across the electrodes. The 
process was repeated several times until a single Ni3S2@CNT was 
observed to pass through the Au electrodes. The wafer containing Au 
electrodes was cleaned in an ultrasonication bath after each trial to 
remove any cluster of Ni3S2@CNTs in the intermediate steps. Once a 
nanotube was found to make contacts with the electrodes, it was focused 
under a scanning electron microscope at higher magnifications (X5000 
and above) and continuously welded using SEM electron beam by 
scanning the nanotube-electrode contact regions 5–10 times. This pro
cess can make a better contact between the Ni3S2@CNT and the Au 
electrodes before their I-V measurements. 

Fig. 10a shows the SEM image of a Ni3S2@CNT in contact with four 
Au electrodes. Two samples A and B were used to determine the contact 
resistance between the Ni3S2@CNT and the Au electrodes by measuring 
the resistance of the same segment 2–3 using both four-probe and two 
probe measurements. It was found that the segment 2–3 of sample A 
measured resistance of 5.499 KΩ under four-probe measurements and 
resistance of 5.538 KΩ under two probe measurements. Similarly, 
another sample B measured the resistance values as 6.667 KΩ and 6.709 
KΩ under four-probe and two probe measurements, respectively. Both 
these measurements revealed a very low contact resistance (about 40 

Ohms) as compared to the intrinsic resistance of the segment of 
Ni3S2@CNT under investigation (5–7 KΩ). Thus, the two probe mea
surements were performed to estimate the resistivity of Ni3S2@CNT 
using ten different samples given the simplicity and accuracy of the two 
probe method in this case. The I-V characteristics of ten different 
Ni3S2@CNTs are shown in Fig. 10b whereas the I-V characteristics of 
samples A and B using four-probe and two probe measurements are 
shown in Fig. 10c and d, respectively. All these measurements show a 
linear I-V relationship in individual Ni3S2@CNTs. The measured elec
trical parameters and resistivities of each Ni3S2@CNTs are listed in 
Table 1 as shown below. 

Fig. 11 shows the size-dependent electrical breakdown of individual 
Ni3S2@CNTs at higher currents. It was observed that Ni3S2@CNTs with 
smaller diameters (less than 150 nm) can undergo an electrical break
down when an excessive current passes through them. As an example, 
Fig. 11a shows a thin CNT with a diameter of about 150 nm which 
eventually broke down as the current exceeded 0.8 mA. However, in the 

Fig. 10. (a) SEM image of a Ni3S2@CNT in contact with four Au electrodes, (b) I-V characteristics of ten different Ni3S2@CNTs measured using two probe method; 
inset shows an AFM image of an individual Ni3S2@CNT in contact with two Au electrodes, (c) I-V characteristics of the segment 2–3 (Fig. 10a) of two samples (A and 
B) measured using four-point probe method, and (d)) I-V characteristics of the segment 2–3 of the same samples (A and B) measured using two probe method. 

Table 1 
Estimation of the resistivity of individual Ni3S2@CNTs.  

Ni3S2@CNT 
No. 

Contact 
length (μm) 

Diametera 

(nm) 
Resistance 
(KΩ) 

Resistivity 
(Ωm)  

1  4.1  255.4  7.2 8.9 × 10−5  

2  4.4  262.7  7.5 9.2 × 10−5  

3  5.1  131.4  9.2 2.4 × 10−5  

4  4.7  225.8  6.5 5.5 × 10−5  

5  4.2  274.6  5.6 7.8 × 10−5  

6  4.4  124.3  10.6 2.9 × 10−5  

7  6.0  204.8  9.8 1.7 × 10−5  

8  4.1  170.2  11.1 6.1 × 10−5  

9  4.8  256.5  6.7 7.2 × 10−5  

10  4.3  312.4  6.0 10−4 

Note: The resistivities were estimated assuming the Ni3S2@CNTs as three- 
dimensional solid cylindrical conductors. 

a Within ±10 %. 
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case of empty MWCNTs, an electrical breakdown can occur at relatively 
smaller currents [59]. The reason Ni3S2@CNTs can pass a very high 
current is that a high proportion of current can pass through Ni3S2 core 
which has a low resistivity of 1.2 × 10−6 Ωm [32] thus preventing the 
rapid oxidation of CNT walls induced by the flow of current. If the 
diameter of Ni3S2@CNT is smaller than 150 nm, there are relatively 
fewer CNT walls that will suffer defects and damages as the magnitude 
of the current increases and can subsequently break down in fewer steps 
before the melting of Ni3S2 core caused by Joule heating. After the 
breakdown of Ni3S2@CNT, the Ni3S2 nanowire is ejected out of the 
breakdown region which can be seen in Fig. 11a. On the other hand, if 
the diameter of Ni3S2@CNT is greater, it doesn't break down even if a 
high amount of current (1 mA or above) passes through it. However, 
Ni3S2 nanowire can melt and extrude out from the open end of 
Ni3S2@CNT in the direction of the current flow. In this case, the melting 
temperature of Ni3S2 is reached before the breakdown of CNT walls. 
Fig. 11b illustrates an example of the electrical melting and extrusion of 
the Ni3S2 nanowire from a Ni3S2@CNT having a diameter of about 500 
nm which was observed as the current exceeded 1 mA. The melting and 
discharge of the Ni3S2 filler at a higher current was also observed during 
in situ TEM experiment which can be seen in the supporting video file. 
Fig. 11c shows the TEM image of a Ni3S2@CNT having a diameter of 
about 280 nm (near the Au tip) which is continuously filled with Ni3S2 
nanowire before passing any current. The inset shows the connection 
between the Au tip and the tip of a broken segment of Ni3S2@CNT. On 
applying a forward bias and increasing it slowly from 0 to higher volts, 
the Ni3S2 filler was melted and pushed in the direction of the current 
flow as a result of electromigration [64] which can be seen in the sup
porting video file 1 and Fig. 11d. Consequently, the empty section of the 
nanotube experienced mechanical stress causing a kink formation. 

4. Conclusions 

We have developed an in situ method to synthesize high-quality 

Ni3S2@CNTs on Si, nickel foam (NiF), and flexible carbon cloth (CC) 
substrates and characterized the samples using SEM, TEM, EDX, XRD, 
Raman, UV–Vis spectroscopy, FTIR, and TGA. The described method is 
simple, reliable, efficient, and scalable to grow a significant mass of 
Ni3S2@CNTs on NiF and CC substrates. TEM measurements show that 
CNTs are completely and continuously filled with single-crystalline 
Ni3S2 nanowires several micrometers in length. A very low ID/IG ratio 
of 0.26 observed in the Raman spectrum of Ni3S2@CNTs reveals that the 
CNT shells are highly crystalline and of excellent quality. Also, 
Ni3S2@CNTs show unusual absorption properties in the UV–Vis region 
because of the presence of Ni3S2 in the CNT cores. The intrinsic electrical 
properties of individual Ni3S2@CNTs were studied using both two probe 
and four-point probe methods and a mean resistivity of 6.1 × 10−5 Ωm 
was estimated. Also, a diameter selective electrical breakdown or 
nanowire propulsion was observed in Ni3S2@CNTs at higher currents. 
The solid core-shell structure with highly ordered carbon shells, better 
electronic conductivity, mechanical strength, and direct growth of 
Ni3S2@CNTs on conductive NiF and CC substrates make them promising 
candidates for various applications such as in energy storage devices 
(lithium-ion batteries and supercapacitors), electrocatalysis of water, 
nanoelectronics, etc. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.diamond.2022.109156. 
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